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ABSTRACT 


This  report  summarizes  the  results  of  a  research  program  in 
nonlinear  real-time  optical  signal  processing.  The  program  began 
April  15,  1981  and  ended  June  30,  1984.  The  research  effort  has 
centered  on  optical  sequential  logic  systems  and  their  use  in 
digital  optical  computers,  and  on  variable  grating  mode  ( VGM ) 
liquid  crystal  spatial  light  modulators.  As  part  of  this  study, 
parallel  and  twisted  nematic  liquid  crystal  light  valve  ( LCLV ) 
devices  have  been  used  as  a  nonlinear  element  in  a  feedback 
arrangement  to  implement  a  binary  sequential  logic  system.  A 
computer  generated  hologram  fabricated  on  an  e-beam  system  serves 
as  a  beamsteerinq  interconnection  element.  A  completely  optical 
oscillator  and  frequency  divider  have  been  experimentally 
demonstrated,  and  various  circuit  interconnection  techniques  have 
been  explored.  Variable-grating  mode  (VGM)  liquid  crystal 
devices  that  perform  local  spatial  frequency  modulation  as  a 
function  of  the  incident  intensity  have  also  been  investigated. 
These  devices  can  be  used  for  nonlinear  processing  by  selection 
and  recombinat ion  of  these  spatial  frequency  components.  These 
devices  have  many  interesting  physical  effects  with  useful 
applications  in  both  analog  and  numerical  optical  signal 
processing.  Results  on  the  physical  modeling  of  VGM  devices  are 
given,  with  particular  emphasis  on  experimental  measurements  of 
the  Jones  matrix  describing  polarized  light  propagation  through 
the  VGM  cell.  The  program  was  performed  with  the  cooperation  of 
the  Hughes  Research  Laboratories  of  Malibu,  California. 

ii 
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1.  RESEARCH  OBJECTIVES  AND  PROGRESS 
1.1  Introduct ion  and  Project  Overv i ew 

This  report  summarizes  the  final  results  of  a  research 
effort  in  performing  nonlinear  operations  in  optical  signal 
processing  and  achieving  operation  in  real  time  using  various 
input  transducers.  The  project  began  April  15,  1981  and  ended 
June  30,  1984.  This  section  contains  an  introduction,  motivation 
for  the  work  and  an  overview  of  the  research  program. 

The  research  described  in  this  report  addresses  the  need  for 
signal  processing  systems  that  can  perform  high  throughput 
parallel  multi-dimensional  operations  on  signals  with  large 
time-bandwidth  and  space-bandwidth  products.  In  many  of  these 
applications,  digital  hardware  is  inadequate.  As  part  of  this 
project,  modifications  have  been  made  to  existing  liquid  crystal 
light  valve  (LCLV)  real-time  spatial  light  modulators  and  new 
devices  such  as  the  variable  grating  mode  (VGM)  light  valve  have 
been  developed.  Another  goal  of  this  research  has  been  to 
explore  numerical  optical  computing  using  binary  or  residue 
arithmetic.  In  these  systems,  signals  exist  as  discrete  levels 
rather  than  as  analog  signals.  This  new  approach  holds  much 
promise  for  the  future  if  real-time  processing  speed,  accuracy, 
and  flexibility  can  be  maintained. 


A  book  chapter  [1]  written  by  research  personnel  supported 
under  this  grant  has  been  recently  completed  summarizing  the 
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state-of-the-art  of  all  techniques  of  nonlinear  optical 
processing.  This  chapter  contains  extensive  references.  Three 
major  techniques  of  optically  implementing  nonlinear  point 
functions  have  been  developed.  They  are:  halftoning;  direct 
nonlinear  processing  using  the  inherent  characteristics  of  image 
detectors  and  transducers;  and  intensity-to-spat ial  frequency 
conversion.  Application  examples  and  real-time  implementation  of 
these  techniques  are  described  in  the  review  papers. 

In  the  research  phase  summarized  in  this  report  we  have 
concentrated  on:  optical  sequential  logic  systems  that  directly 
rely  on  the  input-output  characteristics  of  LCLV  devices;  and  on 
variable  grating  mode  ( VGM)  devices  and  their  applications. 

Nonlinear  optical  functions  can  be  achieved  directly  using 
the  inherent  transfer  characteristics  of  an  optical  recording 
medium  or  real-time  image  transducer.  With  this  type  of 
nonlinear  processing,  there  is  no  pulse-width  modulation, 
intensity-to-spat  ial  frequency  conversion  or  other  type  of 
intermediate  mechanism.  Thus,  these  techniques  offer  the 
potential  of  simple  systems  that  avoid  the  noise  problems 
associated  with  many  optical  filtering  techniques  and  have  much 
less  stringent  space-bandwidth  product  requirements  than  systems 
which  must  modulate  the  input  data.  Such  systems  can  implement 
parallel  combinatorial  logic  and,  with  the  addition  of  feedback, 
parallel  sequential  logic.  Section  1.2  of  this  report  describes 
recent  results  on  these  subjects  and  work  on  the  general  area  of 
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digital  optical  computing. 

Another  convenient  method  of  obtaining  point  nonl inear i t ies 
is  through  intensity-to-spat ial  frequency  conversion.  The  idea 
is  to  encode  each  resolution  element  of  an  image  with  a  grating 
structure  where  the  period  and/or  the  orientation  of  the  grating 
is  a  function  of  the  image  intensity  at  the  point  in  question. 
Assuming  certain  sampling  requirements  are  met,  each  intensity 
level  of  interest  is  uniquely  assigned  to  a  different  point  in 
Fourier  space  and  all  points  with  a  given  intensity  in  the  -image 
are  assigned  to  the  same  point  in  Fourier  space  (assuming 
space- invar iant  operation  is  desired).  Then  a  pure  amplitude 
spatial  filter  can  alter  the  relative  intensity  levels  in  an 
arbitrary  way,  and  combination  of  the  filtered  components 
produces  various  nonlinear  functions.  Both  cont inuous- level 
(analog)  nonlinear  functions  and  various  numerical  logic 
functions  (binary  or  residue)  are  possible.  This  method  relies 
on  the  behavior  of  variable-grating  mode  ( VGM )  liquid  crystal 
real-time  devices  which  have  been  developed  under  this  AFOSR 
program.  Section  1.3  of  this  report  describes  work  on  physical 
modeling  and  measurements  of  VGM  liquid  crystal  devices.  The 
goal  of  this  work  is  to  improve  their  temporal  response, 
uniformity,  lifetime,  etc.  Several  new  types  of  electrically  and 
optically  activated  VGM  devices  have  been  constructed  and 
evaluated. 

This  program  has  been  very  productive;  a  number  of  oral 
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presentations  have  been  made  and  many  written  papers  have  been 
published  describing  research  results.  Some  of  the  most 
significant  of  these  papers  are  reprinted  as  part  of  this  report. 

The  overall  program  has  been  a  joint  cooperative  effort 
between  the  University  of  Southern  California  (USC)  group  and  the 
Hughes  Research  Laboratories  (HRL)  in  Malibu,  California.  Each 
group  has  participated  in  the  project  together  and  a  separate 
progress  report  is  being  submitted  by  HRL  as  a  comparison  to  this 
report.  Both  groups  have  worked  closely  together  in  their 
particular  areas  of  expertise  toward  the  project  goals. 


1.2  Digital  Optical 


Comput i ng 

1.2.1  Introduction 

There  has  been  considerable  work  in  recent  years  in 
developing  optical  systems  that  perform  essentially  digital 
processing  functions.  The  reasons  for  this  interest  include 
extending  the  flexibility  of  optical  processing  systems  and  the 
possibility  of  using  the  parallel  capabilities  of  optical  systems 
for  digital  signal  processing.  The  first  steps  in  this  digi 
optical  computing  researcr.  have  included  parallel  A/D  conversio 
and  optical  combinatorial  logic  implementation.  3oth  of  these 
have  been  demonstrated  in  real-time  systems  at  USC  [ 1 ] - [ 3 ] . 

The  next  step  in  this  progression  of  experiments  is  to 
demonstrate  the  feasibility  of  optical  sequential  logic.  Here 
the  basic  logic  gates  are  interconnected  in  a  circuit  which 
generally  includes  some  form  of  feedback.  In  this  system  the 
temporal  response  characteristics  of  the  system  become  very 
important.  We  have  developed  an  optical  system  which 
demonstrates  the  feasibility  of  optical  sequential  logic.  in 
particular  we  have  implemented  a  totally  optical  system  which 
includes  a  clock  driving  a  master-slave  flip-flop.  The  basic 
elements  of  a  sequential  logic  system  are  a  nonlinear  element 
that  performs  the  desired  logic  function  and  an  interconnection 
system  to  route  the  outputs  of  the  nonlinear  device  to  the 
appropriate  inputs. 
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Four  recent  papers  that  contain  the  details  of  this  work  are 
reprinted  here.  The  first  paper  is  "Sequential  Optical  Logic 
Implementation",  by  B.K.  Jenkins,  A. A.  Sawchuk,  T.C.  Strand, 
R.  Forchheimer  and  B.H.  Soffer.  This  paper  recently  appearec  in 
Appl i ed  Opt i cs  and  concentrates  on  experimental  results  from  the 
sixteen  gate  clocked  master-slave  optical  flip-flop. 

A  second  paper  "Architectural  Implications  of  Digital 
Optical  Processors"  by  P.  Chavei,  R.  Forchheimer,  3.K.  Jenkins, 
A. A.  Sawchuk  and  T.C.  Strand,  has  just  been  published  in  Appl  led 
Optics.  It  describes  various  interconnect  ion  techniques  for 
optical  sequential  logic  systems,  including  space-variant, 
space- i nvar i ant  and  hybrid  computer-generated  holograms. 

A  third  paper,  "Computer-Generated  Holograms  for 
Space-Var iant  Interconnections  in  Optical  Logic  Systems,"  by 
3.K.  Jenkins  and  T.C.  Strand  was  published  in  SPIE  Proceedings 
vol.  437  for  the  International  Conference  on  Computer-Generated 
Holography  held  in  August  1983  in  San  Diego.  This  paper 
describes  details  of  space-variant  computer  hologram 
interconnection  schemes  for  optical  logic  and  computing  systems. 

Another  paper,  "Digital  Optical  Computing,"  by  A. A.  Sawchux 
and  T.C.  Strand  appeared  in  the  July  1984  Proceedings  IEEE 
Special  Issue  on  Optical  Computing.  This  paper  is  a 
comprehensive  overview  of  binary  combinatorial  and  sequential 
logic  with  individual  devices  and  arrays  of  devices.  The  paper 
discusses  communication,  interconnection  and  input-output 
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problems  of  digital  electronic  computers  at  the  gate,  chip  and 
processor  level.  Some  architectural  techniques  for  avoiding  some 
of  the  interconnect  ion  problems  of  electronic  VLSI  are  presented. 
The  possibility  of  non  Von  Neumann  parallel  digital  processors, 
limitations  and  future  needs  of  optical  logic  devices  and  digital 
optical  computing  systems  are  discussed. 
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Sequential  optical  logic  implementation 


B.  K.  Jenkins,  A.  A.  Sawchuk,  T.  C.  Strand,  R.  Forchheimer,  and  B.  H.  Softer 


An  optical  system  that  perform*  sequential  binary  logic  operations  is  described.  The  svstem  consuls  <  I  a 
spatial  light  modulator  (SLM)  used  to  provide  a  nonlinear  threshold  response  and  a  computer-generated 
hologram  to  provide  interconnections  between  logic  gates.  A  2-D  array  of  logic  gates  with  binary  input-,  and 
outputs  is  formed  on  the  active  surface  of  live  SLM.  These  gates  are  interconnected  by  j  2 -  D  array  of  subho¬ 
lograms.  one  for  each  gate.  Arbitrary  logic  circuits  consisting  of  NOR  gates  and  inverters  can  be  implrn.mt- 
td.  and  the  system  can  l>e  reconfigured  by  changing  a  single  holographic  element.  The  system  .»  demon¬ 
strated  using  a  twisted-nematic  liquid  crystal  light  valve  as  the  SLM.  A  test  circuit  is  implemented  that  in¬ 
cludes  a  synchronous  master-slave  flip-flop  and  an  oscillator  consisting  of  five  inverters  in  a  feedback  loop. 
Experimental  results  of  this  test  circuit  are  presented. 


I.  Introduction 

The  vast  majority  of  optical  processing  systems  to 
date  have  operated  with  analog  signal  levels.  While 
many  of  these  systems  can  perform  specific  operations 
with  extremely  high  throughput  rates,  at  the  same  time 
they  suffer  from  two  basic  limitations:  the  variety  of 
operations  that  can  be  performed  and  the  accuracy  of 
the  results.  These  limitations  preclude  the  use  of  op¬ 
tical  processing  systems  in  certain  application  areas  that 
could  otherwise  benefit  from  some  of  the  inherent  ad¬ 
vantages  of  optics.  These  advantages  include  a  high 
degree  of  parallelism,  both  in  processing  and  input/ 
output,  and  a  high  density  and  number  of  intercon¬ 
nections.  Two  approaches  have  been  taken  to  eliminate 
or  at  least  substantially  reduce  these  limitations.  Both 
approaches  utilize  discrete,  instead  of  analog,  signal 
levels.  One  approach  is  based  on  residue  arithmetic 
operations,  and  optical  systems  utilizing  this  principle 
have  been  studied.1*7  The  other  approach  is  based  or 
binary  logic  operations,  such  as  used  in  conventional 
electronic  computers. 

The  first  step  in  the  binary  approach  has  been  to 
demonstrate  Boolean  operations  optically.  Two- 
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dimensional  arrays  of  some  of  these  operations  such  as 
OR,  NOR,  AND,  NAND,  XOR,  and  XNOR  have  been 
demonstrated  using  a  variety  of  optically  addressed  2  D 
spatial  light  modulators  iSLMs).  These  include  r ha 
Pockels  readout  optical  modulator  (PROM),59  the 
microchannel  spatial  light  modulator  (MSLM), 10,11  the 
Hughes  liquid  crystal  light  valve  (LCLV),12-14  and  a 
segmented  liquid  crystal  light  valve  used  as  an  optical 
parallel  logic  (OPAL)  device.15,16  These  operations 
have  also  been  demonstrated  using  light-emitting 
diodes  with  optical  masks.17  Other  schemes,  too  nu¬ 
merous  to  mention,  have  also  been  used  to  implement 
logic  gates  optically.  A  review  of  optical  computing 
systems,  including  these  combinatorial  operations,  is 
given  in  Ref.  18.  Recently,  individual  all-optical  logic 
gates  have  been  demonstrated  in  InSb  ( Ref.  19)  and 
GaAs.20 

Although  these  operations  form  the  basic  building 
blocks  for  combinatorial  logic,  to  build  a  sequential 
circuit  or  an  optical  computer,  memory  is  also  needed. 
This  can  be  achieved  using  optical  feedback.  An  arra> 
of  optical  flip-flops  has  been  demonstrated  using  an 
LCLV  in  an  optical  system  with  feedback,21-22  and  an 
array  of  optical  latches  has  been  demonstrated  by  using 
an  OPAL  device  with  optical  feedback.23  Fast  indi¬ 
vidual  bistable  elements  have  also  been  demonstrated 
in  many  materials  using  feedback  by  means  of  a 
Fabry-Perot  cavity.24 

These  elements,  however,  have  not  been  combined 
to  form  an  all-optical  logic  circuit.  Such  a  circuit  may 
have  the  potential  of  combining  the  high  degree  of 
parallelism  and  interconnection  density  found  in  optical 
processors  with  the  flexibility  and  accuracy  of  digital 
electronic  computers.  A  method  for  combining  these 
binary  elements  using  fiber  optics  has  been  descrilied,25 
but  a  complete  system  has  not  been  demonstrated  ex- 
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perimentally.  Other  digital  optical  processing  systems 
have  also  been  described.26--7  A  system  with  an  array 
of  optical  gates  and  some  optical  memories,  under 
electronic  control,  has  been  demonstrated.26  This 
system  is  particularly  useful  for  operations  requiring 
only  local  communication,  as  is  the  case  for  many  image 
processing  operations,  e.g.,  cellular  logic  machines. 

In  this  paper  a  system  is  presented  which  intercon¬ 
nects  optical  logic  elements  to  form  a  sequential  logic 
circuit.  Every  signal  in  this  system  is  represented  op¬ 
tically,  and  at  the  same  time  the  system  permits  im¬ 
plementation  of  arbitrary  connections  between  the  in¬ 
dividual  logic  gates.  Because  this  system  is  digital,  the 
accuracy  limitation  mentioned  above  can  be  overcome 
by  selecting  the  number  of  bits  per  data  element  to  yield 
the  desired  accuracy.  In  addition,  the  arbitrary  inter¬ 
connections  of  the  system  presented  here  permit  im¬ 
plementation  of  a  very  large  variety  of  processing  op¬ 
erations.  Finally,  the  advantages  of  parallelism  and 
interconnection  density  are  retained  to  a  large  de¬ 
gree.29 

In  the  system  presented  here,  an  SLM  is  used  as  a  2-D 
array  of  independently  acting  logic  gates.  These  gates 
are  interconnected  via  an  optical  system  that  utilizes  a 
computer-generated  hologram.  In  this  paper  we  dis¬ 
cuss  the  SLM  implementation  of  logic  gates  in  Sec.  II, 
the  interconnection  system  in  Sec.  Ill,  and  some  ex¬ 
perimental  results  of  the  implementation  of  a  test  cir¬ 
cuit  to  demonstrate  the  feasibility  of  the  optical  logic 
system  in  Secs.  IV  and  V.  Finally,  in  Sec.  VI  we  point 
out  some  of  the  fundamental  limitations  involved  in 
using  optical  devices  as  arrays  of  logic  gates  and  discuss 
the  relevance  of  these  limitations  to  the  system  pre¬ 
sented  here. 

II.  Logic  Gates 

Binary  logic  gates  may  be  implemented  optically 
through  the  use  of  a  point  nonlinearity.  The  general 
scheme  used  for  each  gate  in  our  system  is  depicted  in 
Fig.  1.  First,  the  two  binary  input  lines  to  the  gate  are 
added  to  yield  a  single  three-level  signal.  The  value  of 
this  three-level  signal  [or  (N  +  1)  -  level  signal  for  the 
case  of  TV-input  gates)  is  then  equal  to  the  number  of 
input  lines  that  are  true  (i.e.,  that  have  a  value  of  1). 
This  signal  is  then  operated  on  by  a  nonlinear  function 
with  a  binary-valued  output.  As  will  be  shown  below, 
any  logic  operation  can  be  performed  in  this  manner  by 
choosing  the  appropriate  nonlinear  function.  Figure 
2  shows  the  extension  of  this  method  to  TV-input  gates. 
To  implement  this  scheme  optically,  the  binary  values 
are  represented  by  intensity  levels  with  a  high  intensity 
level  representing  a  1  and  a  low  intensity  level  repre¬ 
senting  a  0.  The  addition  is  done  merely  by  optically 
superimposing  the  input  line  signals.  With  a  detector 
that  integrates  the  signal  over  the  input  spot,  this  has 
the  effect  of  adding  the  intensity  levels  regardless  of  the 
coherence  properties  of  the  light  (see  Sec.  III).  In  this 
paper,  the  term  gate  input  will  refer  to  this  superim¬ 
posed  signal  (i.e.,  the  input  to  the  nonlinearity),  and  the 
term  input  lines  will  refer  to  the  binary  inputs  before 
superposition. 
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Fig.  1.  Implementation  of  a  logic  gate. 
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Fig.  2.  Generalization  of  Fig.  1  to  jV-input  gates. 
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Fig.  3.  Nonlinearities  for  implementation  oflogic  operations:  (a) 
one-input  gates;  (b)  two-input  gates;  (c)  .V-imput  gates.  (N  is  as¬ 
sumed  to  be  even  in  the  XNOR  case.) 


Possible  choices  of  the  nonlinear  functions  for  some 
of  the  common  logic  operations  are  shown  in  Fig.  3.  In 
the  case  of  two-input  gates,  there  are  a  total  of  sixteen 
possible  operations.  The  operations  AND,  NAND,  OR, 
NOR,  XOR,  XNOR,  TRUE,  and  FALSE  may  be  im¬ 
plemented  with  this  scheme  directly  [Table  1(a)).  The 
remaining  logic  functions  require  the  ability  to  distin¬ 
guish  between  the Jtwo  input  lines _A  and  B.  These  op¬ 
erations  are  A,  B,  A,  B,  A  •  B,  A  •  B,  A  +  B,  and  A  +  B 
These  operations  can  be  implemented  with  a  single  gate 
by  doubling  the  signal  level  of  one  of  the  input  lines,  say, 
A  [Table  1(b));  this  is  conceptually  equivalent  to  using 
a  three-input  gate  with  A  going  into  two  of  the  input 
lines. 

However,  several  subsets  of  the  operations  which  are 
realizable  with  a  single  gate  form  logically  complete  sets, 
obviating  the  need  for  these  asymmetric  functions.  For 
example,  all  logic  operations  can  be  built  out  of  NOR 
gates. 

The  nonlinearity  required  for  optical  logic  may  be 
implemented  with  any  of  a  variety  of  optical  devices. 
Fast  switching  times  (SI  nsec)  may  be  obtained  by 
using  a  bistable  optical  device.19  '20-2  •-10  This  prospect 
is  discussed  in  Sec.  \  I.  While  in  principle  these  devices 
can  be  built  as  2-D  spatial  light  modulators,  at  present 
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TabU  I.  Oaairad  Values  ol  th«  Konlinaanly  tot  the  16  Poaaibto  Logic  Opaiatlona  on  Two  Btoaty  Inputs 
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0 

0 
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Sole:  Also  listed  are  the  gate  inputs.  The  inputs  to  the  adder  arc  A  and  If  in  (at  and  are  2A  and 
B  in  (b). 


they  are  not  available.  Other  optically  addressed  SLMs 
are  presently  available.  While  their  characteristically 
slow  response  times  may  appear  to  be  a  major  drawback, 
they  provide  a  practical  means  for  demonstrating  the 
system  concept.  The  same  sequential  optical  logic 
system  described  and  demonstrated  here  may  be  used 
with  other  SLMs,  including  much  faster  ones,  so  long 
as  they  can  provide  a  suitable  nonlinearity,  and  satisfy 
the  following  requirements.  First,  the  inputs  and 
outputs  of  the  gates  must  be  the  same  wavelength.  This 
eliminates  such  devices  as  the  PROM,9  with  which  the 
write  illumination  must  be  a  different  wavelength  than 
the  read  illumination.  Second,  we  assume  the  device 
has  no  memory,  although  in  some  cases  devices  with 
memory  could  also  be  used.  Finally,  we  assume  here 
that  the  gate  inputs  and  outputs  appear  on  opposite 
sides  of  the  SLM,  although  it  is  worth  noting  that  with 
a  slight  rearrangement  of  the  system  components,  SLMs 
with  gate  inputs  and  outputs  on  the  same  side  can  also 
be  accommodated. 

Given  these  requirements,  there  are  still  a  variety  of 
SLMs  that  can  be  used.  The  microchannel  spatial  light 
modulator11  could  be  used  in  this  system,  as  could 
various  types  of  LCLV.12-14  For  the  demonstration  of 
the  system  presented  in  this  paper,  a  Hughes  LCLV  was 
used.  An  LCLV  with  liquid  crystal  molecules  exhib¬ 
iting  a  uniform  parallel  alignment  in  the  off  state  may 
be  used  to  implement  nonmonotonic  nonlinearities, 
which  are  needed  for  such  operations  as  XOR.14  In  this 
system,  NOR  gates  were  used,  and  LCLVs  with  liquid 
crystal  molecules  in  a  variety  of  configurations  can 
provide  the  appropriate  nonlinearity.  For  example, 
Fig.  4  shows  the  steady-state  response  for  an  LCLV  with 
a  twisted  nematic  liquid  crystal  layer  biased  to  imple¬ 
ment  the  NOR  operation.  The  horizontal  and  vertical 
axes  in  Fig.  4,  respectively,  represent  relative  writing 
and  reading  inten-  'ties,  and  these  quantities  are  non¬ 
negative.  For  clarity,  physical  units  are  omitted  in  Fig. 
4.  The  0  and  1  labels  on  the  axes  of  Fig.  4  denote  writ¬ 
ing  and  reading  signal  levels  corresponding  to  various 
binary  logic  levels. 


U(AO 

(OUTPUT) 


Fig.  4.  LCLV  imput-output  characteristic  used  to  implement  the 
NOR  operation,  expressed  as  a  function  of  relative  writing  and  reading 
intensities.  (Physical  units  are  omitted  for  clarity.)  The  0  and  1 
labels  denote  signal  levels  corresponding  to  various  binary  logic 
levels. 

The  input/output  characteristic  of  an  SLM,  when 
used  in  this  system,  essentially  serves  as  an  approxi¬ 
mation  to  the  corresponding  ideal  nonlinearity  (e.g..  Fig. 
3).  An  important  criterion  in  determining  whether  a 
particular  nonlinearity  is  a  sufficiently  accurate  ap¬ 
proximation  is  the  regeneration  or  restandardization 
of  the  signal  level  at  each  pass  through  a  gate.  The 
general  requirement  is  that  a  signal  should  not  degen¬ 
erate  in  passing  through  a  large  number  of  gates  in  se¬ 
ries.  Assuming  a  transition  time  of  zero,  the  signal  level 
at  each  pass  through  a  gate  may  be  read  off  the  SLM 
input/output  curve.  If  fix)  represents  this  curve  and 
x  is  the  signal  level  at  the  gate  input,  for  the  case  of  a 
simple  inverter,  the  following  requirement  ensures  that 
the  signal  will  not  degenerate  (Fig.  5): 

a!-,  <  kf[x)  <  b )-,  for  all  i<  (a,  ,(>,),  i  m  0,1, 

where  k  is  the  gain  from  the  output  of  one  gate  to  the 
input  of  the  next,  and  a,  <  x  <  bt  defines  the  range  of 
gate  input  signal  levels  interpreted  as  the  discrete  level 
i.  Thus  a  gate  input  Xof(oi.bi)  will  have  an  output yo 
=  f[x o)  in  the  shaded  region,  and  the  input  to  the  next 
gate  will  be  xi  =  ky0  on  the  x  axis  and  in  the  shaded 
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Fig.  5.  Gate  output  y  vs  gate  output  x  for  an  inverter  that  satisfies 
the  regeneration  criterion.  The  shaded  region  shows  the  criterion 
for  a  1  input  and  a  0  output. 

region.  The  above  requirement  states  that  x\  will  be 
interpreted  as  an  input  level  of  0,  i.e.,  that  xle(a0,b0). 
This  can  be  generalized  to  include  the  other  Boolean 
operations  by  defining  output  intervals  as  the  (union 
of  the)  mapping  through  f  of  the  corresponding  gate 
input  intervals.  One  then  requires  appropriate  com¬ 
binations  of  output  intervals  (i.e.,  all  possible  sums  of 
the  elements)  to  map  into  the  corresponding  gate  input 
intervals.  The  input/output  curve  of  the  LCLV  used 
in  the  experiment  does  satisfy  these  criteria  for  the  NOR 
and  NOT  operations. 

III.  Interconnections 

The  previous  section  dealt  with  optical  implemen¬ 
tation  of  logic  gates,  and  in  this  section  we  address  the 
problem  of  interconnecting  these  gates  optically.  The 
general  problem  is  to  be  able  to  implement  an  arbitrary 
connection  pattern  between  gate  outputs  and  gate  in¬ 
puts.  Since  gate  outputs  correspond  to  inputs  of  the 
interconnection  system  and  outputs  of  the  intercon¬ 
nection  system  become  gate  inputs,  for  the  remainder 
of  this  section  the  words  input  and  output  will  refer  to 
the  interconnection  system  unless  explicitly  stated 
otherwise. 

In  direct  analogy  to  the  use  of  wires  in  an  electrical 
circuit,  optical  fibers  could  be  used  for  the  intercon¬ 
nections.  Although  the  idea  is  simple  when  there  is  a 
one-to-one  correspondence  between  inputs  and  outputs, 
the  method  is  less  obvious  when  there  is  not.  A  possible 
scheme  is  described  here.  Assuming  each  input  illu¬ 
minates  enough  fibers,  the  fibers  that  are  illuminated 
bv  an  input  j  that  addresses  more  than  one  output  can 
be  split  so  thai  an  equal  number  of  fibers  Pt  go  to  each 
output.  Since  all  outputs  may  not  have  the  same 
number  of  fillers,  a  mask  is  needed  at  the  input  plane 
with  an  intensity  transmittance  at  each  input  that  is 
inversely  proportional  to  P;.  Alternatively,  the  same 
(albeit  small,  perhaps)  number  of  fibers  could  be  used 
to  address  all  outputs  making  Pj  independent  of  j.  The 
problem  of  fabricating  fiber  optic  bundles  for  large  ar¬ 
bitrary  interconnection  patterns,  however,  is  a  serious 
drawback  unless  one  has  an  automated  system  to  do 
so. 

The  interconnections  in  the  system  presented  here 
are  implemented  with  a  holographic  element  instead  of 
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Fig.  6.  System  schematic  for  interconnecting  gates.  Each  pixel  of 
the  input  and  output  arrays  corresponds  to  a  gate.  The  input  array 
is  the  SLM  output  (gate  output  array),  and  the  output  array  is  the 
SLM  input  (gate  input  array).  In  general  the  hologram  produces 
multiple  diffraction  orders,  only  one  of  which  is  used.  (The  rays 
shown  in  this  perspective  sketch  are  a  general  indication  of  the  path 
of  propagation  and  are  distorted  for  clarity.  They  should  not  be  in¬ 
terpreted  as  an  exact  indication  of  ray  paths.) 

the  fiber  optic  assembly.  The  holographic  element 
consists  of  an  array  of  subholograms  in  a  one-to-one 
correspondence  with  the  gates  or  pixels  of  the  input 
array.  The  interconnection  system  is  shown  sche¬ 
matically  in  Fig.  6.  This  is  only  one  of  several  holo¬ 
graphic  systems  that  could  be  used  to  interconnect  the 
gates.29  In  this  system,  the  input  array  is  imaged  onto 
the  subhologram  array.  The  hologram  is  encoded  in  the 
Fourier  domain.  A  Fourier  transform  is  then  taken 
optically  to  obtain  the  output  array.  Each  subhologram 
reconstructs  a  set  of  dots,  one  dot  for  each  connection 
to  a  pixel  of  the  output  array.  Because  of  the  Fourier 
transform  relationship,  the  coherence  area  of  the  illu¬ 
mination  at  the  hologram  must  be  larger  than  or  equal 
to  the  subhologram  size.  If  the  coherence  area  is  much 
larger,  fringe  patterns  will  appear  in  each  pixel  in  the 
reconstruction  plane.  This  occurs  when  different 
subholograms,  whose  separation  is  less  than  the  co¬ 
herence  area,  reconstruct  dots  at  the  same  location  in 
the  output  array.  Spatial  averaging  over  each  element 
in  the  output  array  then  results  in  an  effective  intensity 
summation,  as  desired  for  gate  inputs  (Figs.  1  and  2). 
Obviously,  there  must  be  at  least  one  complete  fringe 
cycle  within  the  reconstructed  pixel  area  for  spatial 
average  to  be  indicative  of  the  sum  of  intensities.  This 
will  be  the  case  so  long  as  the  subholograms  do  not 
overlap;  defining  the  pixel  area  as  the  area  of  the  main 
lobe  of  the  reconstructed  dot,  it  will  include  at  least  two 
fringe  cycles.  (The  number  of  fringes  per  reconstructed 
pixel  depends  on  the  spacing  of  the  contributing  sub¬ 
holograms  relative  to  the  subhologram  size  but  is  in¬ 
dependent  of  uniform  scaling  factors,  lens  focal  lengths, 
and  propagation  distances.) 

This  interconnection  system  is  essentially  a  space- 
variant  filter  providing  a  different  point-spread  function 
for  each  input  pixel.  Because  of  the  Fourier  transform 
relationship,  each  subhologram  stores  the  absolute 
position  of  the  output  pixels  it  addresses.  'I'his  absolute 
addressing  scheme  implies  that  the  system  does  not 
distinguish  between  global  and  local  interconnections 
but  discriminates  only  on  the  basis  of  the  position  of  the 
output  array  pixels  relative  to  the  origin  of  the  output 
array. 
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To  avoid  a  manufacturing  problem  similar  to  that  of 
the  liber  optic  system,  the  hologram  can  be  recorded 
optically  using  an  automated  system  under  computer 
control" :*2  or  can  be  generated  entirely  by  computer. 
In  this  experiment  the  hologram  was  generated  by 
computer.  Many  types  of  computer-generated  Fou¬ 
rier- transform  hologram  have  been  demonstrated, and 
many  of  them  would  suffice  for  this  application.  To 
demonstrate  the  operation  of  the  sequential  logic  sys¬ 
tem  we  used  a  binary  version  of  the  hologram  proposed 
by  Lee  in  1970'"  for  reasons  of  simplicity,  diffraction 
efficiency,  and  SNR  in  the  reconstruction.35  Because 
of  the  coding  process  used  in  the  hologram,  the  desired 
output  array  appears  in  the  (1,0)  diffracted  order  ir.  the 
reconstruction  plane  leaving  the  spatially  inverted 
(  —  1,0)  order  available  for  probing  the  system. 

The  effect  of  the  hologram  on  the  input  array  may  be 
represented  by  the  matrix  equation 

O  =  ML  (2) 

Here  1  is  a  vector  representing  the  2-D  input  array, 
lexicographically  ordered.  This  input  array  is  actually 
the  gate  output  array  augmented  by  the  system  inputs. 
Similarly,  O  is  a  vector  representing  the  lexicographi¬ 
cally  ordered  output  array  (which  is  the  gate  input  array 
augmented  by  the  system  outputs).  Each  element  of 
the  vector  I  is  binary  valued  and  represents  the  signal 
of  the  corresponding  pixel  in  the  input  array.  Each 
element  of  O  is  a  non-negative  integer  representing  the 
signal  level  of  the  corresponding  output  array  pixel. 
This  integer  is  between  0  and  N  if  the  output  pixel 
represents  a  gate  with  N  input  lines  and  is  binary  if  the 
output  pixel  represents  a  system  output.  M  is  a  matrix 
representation  of  the  interconnect  pattern — each  ma¬ 
trix  element  miy  is  nonzero  if  and  only  if  there  is  a  con¬ 
nection  between  pixel  j  of  the  input  array  and  pixel  i  of 
the  output  array,  my  is  an  integer  equal  to  the  signal 
level  created  at  output  pixel  i  due  to  a  signal  level  of  1 
at  input  pixel;. 

Using  this  notation,  the  fan-in  to  gate  i  (or  number 
of  input  lines  to  gate  i)  is  equal  to  the  sum  of  the  ele¬ 
ments  in  row  i  of  M.  The  fan-out  of  gate  j  (or  number 
of  gate  input  lines,  plus  the  number  of  system  outputs, 
that  come  from  the  output  of  gate  j)  is  equal  to  the  sum 
of  the  elements  in  column  j  of  M.  The  fan-out  is  lim¬ 
ited  only  by  such  parameters  as  the  power  of  the  illu¬ 
mination  source,  hologram  efficiency,  and  SLM  input 
sensitivity.  The  maximum  fan-in  is  a  function  of  the 
SLM  intensity  input/output  characteristic. 

With  this  interconnection  technique,  the  hologram, 
or  equivalently  the  elements  of  M,  completely  defines 
the  circuit  Within  the  limit  of  the  number  of  gates  and 
the  maximum  power  available,  any  operation  that  can 
be  represented  by  a  digital  circuit  can  be  implemented 
optically  with  this  system  by  encoding  the  appropriate 
interconnection  pattern  into  the  hologram. 

IV.  Experimental  Demonstration 

For  the  experimental  demonstration  of  this  system, 
an  LCLV  with  liquid  crystal  molecules  in  a  45°  twisted 
nematic  configuration  was  i lsed  as  the  SLM.  The  light 


Fig.  7.  Steady-state  output  vs  input  relationship  for  LCLV  used  to 
implement  the  NOR  operation  in  the  experimental  system. 
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Resolution  cell  of  the  1970  Lee  computer-generated  hologram 
with  binary-valued  transmittance.  Usually  d  =  d'. 


valve  is  read  out  between  crossed  polarizers  and  is  bi¬ 
ased  to  implement  a  NOR  operation.  Its  steady-state 
input/output  relationship  is  shown  in  Fig.  7.  This  re¬ 
sponse,  together  with  the  attenuation  of  the  intercon¬ 
nection  system,  satisfies  the  regeneration  criteria  stated 
in  Sec.  II. 

The  gates  are  interconnected  with  a  binary  version 
of  the  Lee  (1970)  computer-generated  hologram.  "  In 
a  Lee  hologram,  each  complex-valued  sample  is  de¬ 
scribed  by  a  linear  combination  of  four  real  non-nega¬ 
tive  numbers  (xJrr2^3^4).  i.e.,  is  decomposed  into  its 
components  along  each  of  the  four  half-axes  in  the 
complex  plane.  Each  cell  of  the  hologram  is  divided 
into  four  subcells,  one  subcell  for  each  of  these  four 
components.  One  complex-valued  sample  is  taken  at 
the  center  of  each  subcell.  Stored  in  each  subcell  is  the 
corresponding  component  x*  of  its  complex-valued 
sample.  Because  of  the  locations  of  these  subcells,  upon 
taking  the  optical  Fourier  transform,  these  four  com¬ 
ponents  are  added  with  the  correct  phases  to  obtain  the 
reconstruction  in  the  (1,0)  diffracted  order.  If  the 
transmittance  of  the  hologram  is  binary  valued,  each 
subcell  actually  contains  a  rectangle  whose  width  is 
equal  to  the  subcell  width  and  whose  height  F*  is  pro¬ 
portional  to  the  value  of  the  corresponding  sample 
component  x*  (Fig.  8). 

For  the  hologram  used  in  this  experiment,  the 
transmittance  is  binary  valued  and  these  values  are 
represented  by  different  optical  path  lengths,  i.e.,  a 
phase  hologram.  If  the  optical  path  lengths  differ  by 
a  phase  of  ir ,  the  theoretical  efficiency  of  the  hologram 
is  four  times  that  of  the  equivalent  absorption  holo- 
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gram.33  A  possible  trade-off  is  that  the  (O.O)-order  in¬ 
tensity  may  increase  by  more  than  a  factor  of  4. 

The  hologram  was  written  onto  photoresist  via  elec¬ 
tron-beam  lithography.  Surface  relief  of  the  photo¬ 
resist  provides  the  optical  path  length  difference  in  the 
hologram.  The  electron-beam  machine  used  has  a  step 
size  of  0.125  pm  and  has  written  patterns  with  line- 
widths  as  small  as  0.5  pm.  It  writes  1.024-  X  1.024-mm 
fields  and  can  stitch  them  together  to  cover  a  maximum 
area  of  102  X  102  mm.  The  machine  provides  a  far 
greater  space-bandwidth  product  than  was  needed  for 
our  test  circuit. 

Our  test  circuit  comprises  16  gates  so  the  hologram 
comprises  16  subholograms,  which  are  laid  out  in  a  4  X 
4  array.  Each  subhologram  covers  a  circular  area  and 
has  a  diameter  of  ~1.04  mm.  Each  cell  is  a  square  62.5 
pm  on  a  side,  and  there  are  17  cells  (68  subcells)  along 
the  horizontal  diameter  of  each  subhologram.  Each 
subcell  has  a  width  of  ~15.6  pm,  or  125  steps  of  the 
electron-beam  system,  and  has  a  height  of  500  steps; 
both  dimensions  have  more  steps  than  were  needed;  251 
quantization  levels  were  used  for  each  subcell  sample, 
keeping  the  apertures  centered  in  each  subcell. 

Figure  9  shows  pictures  of  one  subhologram  taken 
with  a  scanning  electron  microscope.  Figure  9(a)  shows 
nearly  the  entire  subhologram.  The  rectangles,  are  pits, 
the  exteriors  of  which  are  photoresist,  and  the  interiors 
of  which  are  just  glass  substrate.  Figure  9(b)  shows  a 
close-up  of  the  top  edges  of  two  rectangles.  The  rec¬ 
tangle  interiors  (no  photoresist)  are  located  below  these 
edges.  The  thickness  of  the  photoresist  is  1.25  pm,  and 
the  edges  are  inclined  at  ~32°  with  respect  to  the  sub¬ 
strate  normal.  The  pictures  reveal  that  the  photoresist 
is  slightly  rough  near  the  edges  but  otherwise  quite 
smooth  (except  for  an  occasional  defect).  Defects  are 
apparent  on  the  glass  but  are  too  small  to  affect  the 
optical  quality.  Linewidths  down  to  ~1  pm  were  ob¬ 
tained. 

Defining  efficiency  as  the  power  in  the  desired  re¬ 
construction  pixels  due  to  one  subhologram  divided  by 
the  power  incident  on  that  subhologram,  the  maximum 
efficiency  over  all  subholograms  was  measured  to  be  5%. 
The  other  subholograms  were  intentionally  generated 
to  have  lower  efficiencies  to  normalize  the  intensities 
in  the  reconstruction  plane.  This  measurement  was 
taken  using  an  illumination  wavelength  of  514.5  nm,  the 
wavelength  used  in  the  sequential  logic  system.  This 
is  close  to  the  optimum  wavelength  for  this  hologram. 
Aside  from  efficiency,  we  must  consider  the  noise  ap¬ 
pearing  in  the  desired  reconstruction  order,  of  which 
there  are  three  sources:  (1)  the  encoding  process  used 
to  represent  the  complex-valued  function  on  the  holo¬ 
gram;  (2)  scattering  from  the  photoresist  and  glass 
substrate;  and  (3)  the  tail  of  the  (0,0)  order.  The  pic¬ 
tures  of  Fig.  9  indicate  that  the  contribution  due  to 
scattering  should  be  small,  and  this  is  verified  by  ex¬ 
periment.  The  effect  of  the  (0,0)  order  could  be  sub¬ 
stantial  with  some  phase  computer-generated  holo¬ 
grams.  This  effect  can  be  prevented  by  an  appropriate 
choice  of  the  hologram  encoding  method  or  can  be 
remedied  by  choosing  the  location  of  the  limiting  ap- 
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Fig.  9.  Scanning  electron  microscope  pictures  of  the  interconnection 
hologram. 


erture  appropriately  and  filtering  out  its  diffraction 
effects  spatially.  This  leaves  the  encoding  process  as 
the  major  source  of  noise.  The  effect  of  the  encoding 
process  on  noise  is  discussed  in  Refs.  35  and  36.  For  the 
case  of  an  interconnection  hologram,  we  can  define  the 
SNR  in  each  reconstruction  pixel  as  the  ratio  of  the 
power  in  the  reconstruction  pixel  when  it  represents  a 
maximum  signal  level  to  the  maximum  power  in  the 
same  reconstruction  pixel  when  it  represents  a  signal 
level  of  0.  Measurements  on  our  test  hologram  indicate 
a  typical  SNR  of  ~60. 

\  diagram  of  the  main  components  of  the  sequential 
logic  system  is  shown  in  Fig.  10.  An  expanded  Ar  laser 
beam  is  incident  on  the  readout  side  of  the  LCLV  (gate 
output  plane).  It  is  reflected  off  the  internal  mirror  of 
the  l.CLV  and  is  imaged  from  the  liquid  crystal  (gate 
output)  plane  to  the  hologram  via  L*.  The  liquid 
crystal  plane  is  situated  between  crossed  polarizers. 
The  Fourier  transform  of  t  he  field  transmil  ted  by  the 
hologram  appears  at  the  write  side  of  the  l.CLV  (gate 
input  plane)  via  L, t.  The  phase  of  the  illumination  at 
the  gate  input  plane  is  not  correct,  hut  only  the  intensity 
is  of  interest.  Note  that  the  Fourier  transform  rela- 
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Fig.  10.  Experimental  system.  Lens  L2  images  from  the  LCLV  gate 
output  plane  (liquid  crystal  plane)  to  the  hologram  plane.  Lens  L3 
provides  a  Fourier  transform  from  the  hologram  plane  to  the  LCLV 
gate  input  plane.  The  hologram  comprises  an  array  of 
subholograms. 


Fig.  1 1.  Test  circuit  consisting  of  a  synchronous  master-slave  flip- 
flop  with  driving  clock. 

tionship  provides  for  complete  regeneration  of  spot  lo¬ 
cation  during  each  pass  through  the  feedback  loop.  In 
addition,  since  the  subholograms  are  not  contiguous,  a 
mask  is  effectively  incorporated  into  the  hologram. 
This  provides  regeneration  of  the  size  and  shape  of  each 
pixel  and  also  facilitates  alignment 

A  diffuser  is  placed  just  in  front  of  the  LCLV  gate 
input  plane  to  average  over  the  fringe  patterns  men¬ 
tioned  in  Sea  IH.  This  is  not  necessary  when  the  pixels 
are  small  enough  for  the  fringe  patterns  to  be  beyond 
the  resolution  limit  of  the  device.  Since  a  Lee  phase 
hologram  was  used,  and  the  effects  of  the  (0,0)  diffracted 
order  were  of  concern,  an  aperture  was  used  as  a  spatial 
filter  at  P,  to  Filter  out  diffraction  effects  from  the  lim¬ 
iting  aperture.  This  spatial  filtering  could  be  obviated 
by  using  a  hologram  encoding  method  that  puts  less 
power  into  the  (0,0)  order  (e.g.,  Hseuh-Sawchuk  holo¬ 
gram37).  The  (-1,0)  diffracted  order  in  the  hologram 
reconstruction  can  be  used  to  monitor  the  gate  inputs 
during  system  operation.  The  gate  outputs  can  also  be 
probed  by  using  a  reflection  off  of  the  analyzer  or  the 
hologram. 

For  purposes  of  demons'  ration,  a  test  circuit  was  se¬ 
lected.  A  gate  may  be  used  in  a  circuit  with  feedback, 
e.g.  to  achieve  oscillation  or  memory,  or  in  a  circuit 
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Fig.  12.  (a)  Layout  of  test-circuit  gates  on  the  hologram.  <  b>  In¬ 

terconnection  patterns  stored  in  each  subhologram.  Each  ordered 
pair  represents  the  relative  t  *nd  y  coordinates  of  a  pixel,  or  gate 
input,  that  is  addressed. 

without  feedback.  A  test  circuit  was  chosen  that  in¬ 
cludes  both  classes  of  circuit  (Fig.  11),  and  a  hologram 
with  the  appropriate  interconnection  pattern  was  gen¬ 
erated  (Fig.  12).  The  test  circuit  includes  a  synchro¬ 
nous  master-slave  flip-flop  and  a  driving  clock.  The 
clock  circuit  is  a  ring  oscillator  consisting  of  an  odd 
number  of  inverters.  Clock  circuits  with  three  gates 
and  with  five  gates  have  been  implemented.  The  flip- 
flop  functions  as  a  frequency  divider  and  outputs  a 
signal  whose  frequency  is  half  of  that  of  the  clock  and 
whose  duty  cycle  is  close  to  50%.  The  outputs  of  some 
of  the  gates  in  the  test  circuit  are  shown  in  Figs.  13  and 
14.  A  discussion  of  them  follows. 

V.  Discussion  of  Results 

The  clock  circuit,  consisting  of  five  gates  in  a  feedback 
loop,  will  be  considered  first.  The  phase  delay  of  the 
signal  in  passing  through  one  gate  is  expected  to  be  1S0° 
(for  inverting  gates)  plus  an  additional  36°  +  72°n,  n 
*  integer,  to  insure  that  the  total  delay  through  all  five 
gates  is  a  multiple  of  360°.  The  phase  delay  in  passing 
through  gate  12  is  measured  to  be  216°  (Fig.  13)  within 
experimental  error.  An  oscillator  has  also  been  con¬ 
structed  out  of  three  gates,  in  which  case  the  expected 
phase  delay  through  each  is  240°  +  120°n,  and  was 
measured  to  be  close  to  240°.  Although  nonuniformi¬ 
ties  across  the  spatial  extent  of  the  LCLV  caused  vari¬ 
ations  in  characteristics  from  one  gate  to  another 
yielding  a  slightly  different  phase  delay  through  each 
gate,  the  sum  of  the  three  phase  delays  was  720°  to 
within  the  accuracy  of  the  measurement,  as  expected. 

The  frequency  of  oscillation  of  the  clock  circuit  can 
be  changed  by  changing  the  number  of  gates  in  the 
feedback  loop.  The  five-gate  clock  circuit  oscillated  at 
a  frequency  of  2.64  ±  0.07  Hz  (measurement  error). 
(Speed  is  device-dependent  and  is  discussed  in  Secs.  11 
and  VI.)  If  we  assume  the  temporal  behavior  of  the 
LCLV  can  be  modeled  by  a  simple  RC  circuit  (consist¬ 
ing  of  a  series  resistor  followed  by  a  shunt  capacitor), 
this  measurement  implies  that  the  three-gate  clock 
should  oscillate  at  a  frequency  of  6.32  Hz.  We  observed 
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Fig.  13.  Input  and  output  of  one  of  the  five  gates  in  the  clock  circuit 
(gate  12).  Each  trace  represents  intensity  vs  time.  The  period  is  b, 
and  the  phase  delay  is  360°  ■  a/6. 
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Fig.  14.  Test  circuit  outputs. 


6.40  ±  0.12  Hz.  No  attempt  to  measure  the  frequency 
stability  was  made.  The  system  did,  however,  sustain 
oscillations  for  periods  lasting  8  h.  (The  system  was 
turned  off  after  8  h.)  Given  the  number  of  gates  in  the 
clock  circuit,  the  frequency  of  oscillation  is  determined 
solely  by  the  temporal  characteristics  of  the  LCLV.  For 
sufficiently  fast  SLMs,  the  optical  path  length  of  the 
interconnection  system  will  also  have  an  effect. 

Measurements  we  have  taken  indicate  that  the  LCLV 
response  time  is  limited  by  the  photoconductor  and  that 
the  response  time  of  the  liquid  crystal  is  much  faster.14 
Improvements  in  LCLV  photoconductor  response 
times18  should  yield  higher  clock  frequencies.  Use  of 
optical  bistable  devices  could  improve  clock  frequencies 
by  many  orders  of  magnitude  (see  Secs.  II  and  VI). 

The  test  circuit  (which  has  five  gates  in  its  clock  cir¬ 
cuit)  functions  correctly.  The  output  waveforms  (Figs. 
13  and  14)  are  not  expected  to  be  square.  The  gates  are 
operating  near  their  maximum  speed,  so  their  rise  and 
fall  times  are  substantial  in  comparison  with  their  pulse 
widths.  With  one  minor  exception,  all  gates  in  the  test 
circuit  output  the  expected  waveforms.  The  exception 
is  that  the  pulse  widths  of  the  outputs  of  gates  5  and  6 
are  less  than  those  of  the  outputs  of  gates  1  and  2.  They 


were  expected  to  be  the  same.  This  is  a  result  of  un¬ 
equal  interconnection  losses  among  different  gates  in 
the  clock  circuit,  due  to  an  error  in  the  hologram,  which 
caused  gate  11  to  output  larger  pulse  widths  than  gate 

12. 


VI.  Device  Limitations 

We  have  mentioned  in  Sec.  II  the  possibility  of  using 
much  faster  devices  in  place  of  the  LCLV,  for  example, 
an  optical  bistable  device.  We  must  consider  the  fun¬ 
damental  potentials  and  limitations  involved  in  using 
such  devices  as  optical  logic  gates,  as  well,  as  how  they 
might  comapre  with  their  electrical  counterparts.  A 
number  of  people  have  studied  this  subject.39-*6 

A  very  important  consideration  is  power  dissipation 
of  these  devices.  This  takes  the  form  of  heat  which 
must  be  removed  from  the  device  to  keep  its  tempera¬ 
ture  within  operating  bounds.  Earlier  works  have  in¬ 
dicated  that  optical  logic  gates  may  suffer  from  a  higher 
power  dissipation  than  electronic  gates  and  in  particular 
noted  the  unfavorable  trend  on  fundamental  limits  in 
optical  logic  of  increasing  power  dissipation  with  de¬ 
creasing  delay  time  vs  a  fundamental  limit  of  power 
dissipation  that  is  independent  of  delay  time  in  the  case 
of  semiconductor  electronic  devices.40-41  More  recently 
it  has  become  evident  that  most  of  the  power  dissipation 
in  a  practical  integrated  circuit  is  due  to  the  on-chip 
interconnections  instead  of  the  transistors  themselves 
and  that  the  lower  limit  on  this  power  dissipation  also 
increases  with  decreasing  delay  time.44  This  limit  is 
essentially  the  same,  when  plotted  on  a  power  vs  delay 
time  graph,  as  the  lower  limit  on  power  of  an  optical 
switching  device  using  an  absorptive  nonlinearity  given 
in  Ref.  45.  Furthermore,  the  limit  on  power  in  the  case 
of  an  optical  switch  using  a  reactive  nonlinearity  in¬ 
creases  more  slowly  (than  the  optical  absorptive  and 
electrical  cases)  with  decreasing  delay,  although  its 
power  level  is  higher  in  the  region  of  common  delay 
times  (>1  psec).  While  lowering  the  operating  tem¬ 
perature  of  semiconductor  logic  will  lower  its  power 
dissipation  limit  to  a  point,44  use  of  an  optical  resonator 
can,  in  some  cases,  reduce  the  limits  on  the  power  dis¬ 
sipation  of  the  optical  switch.4  ’  *6  Finally,  we  point  out 
that  in  the  optical  case  much  of  the  power  can  poten¬ 
tially  be  dissipated  external  to  the  device,  permitting 
the  operation  of  switches  at  significantly  higher  power 
levels  than  would  otherwise  be  possible. 

While  these  fundamental  limits  on  optical  switches 
can  be  approached  with  known  materials,4'1  significant 
progress,  some  of  a  relatively  fundamental  nature,  will 
have  to  be  made  for  these  switching  devices  to  become 
competitive  with  electronics.13-46  Optical  gates  will 
probably  not  replace  electronic  gates  for  use  in  gen¬ 
eral-purpose  computers  in  the  near  future,  but  (heir  use 
in  an  optica)  special-purpose  computer  could  permit 
realization  of  a  number  of  architectural  advantages  over 
semiconductor  electronics.29  These  advantages  include 
parallel  input/output,  global  as  well  as  local  intercon¬ 
nections,  and  implementation  of  interconnection-in¬ 
tensive  circuits  and  processors  without  reducing  the 
active  device  area  available  for  gates. 
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VII.  Conclusions 

We  have  presented  an  all-optical  sequential  logic 
system.  It  is  all  optical  in  ihat  every  signal  is  repre¬ 
sented  optically,  and  it  is  sequential  in  that  it  can  in¬ 
clude  memory  elements  and  clocks.  We  demonstrated 
the  operation  of  the  system  using  a  test  circuit  consist¬ 
ing  of  a  synchronous  master-slave  tlip-fiop  and  its 
driving  dock.  The  circuit  functioned  properly,  and  the 
output  of  each  gate  was  as  expected  for  the  given  in¬ 
terconnection  hologram. 

On  this  system,  any  digital  circuit  can  be  imple¬ 
mented  up  to  limitations  in  the  total  number  of  gates. 
The  circuit  is  encoded  in  the  hologram.  Since  the  ho¬ 
logram  represents  a  fixed  interconnection  pattern,  the 
circuit  or  processor  is  not  reconfigurable  in  real  time. 
This  does  not  eliminate  the  possibility  of  software 
control,  however,  as  can  be  seen  by  noting  that  the  in¬ 
terconnections  between  gates  in  a  general-purpose 
electronic  computer  are  also  fixed.  As  in  an  electronic 
sequential  circuit,  software  control  is  obtained  by 
changing  the  inputs  to  appropriate  control  lines. 

The  speed  of  operation  of  the  processor  depends  on 
the  device.  While  an  LCLV  was  used  to  demonstrate 
the  system  concept,  much  faster  SLMs  in  the  same 
system  will  yield  much  faster  processors.  Recent 
progress  in  optical  bistability  provides  hope'for  a  fast 
optical  logic  system. 

The  maximum  number  of  gates  that  can  be  imple¬ 
mented  is  limited  by  the  space-bandwidth  product  of 
the  hologram.-9  However,  this  restriction  can  be  alle¬ 
viated  by  using  a  different  interconnection  tech¬ 
nique.29 

Aside  from  the  question  of  speed  and  number  of 
gates,  this  optical  system  has  some  architectural  ad¬ 
vantages  over  conventional  digital  electronic  systems. 
First,  parallel  inputs  (and  outputs)  can  easily  be  in¬ 
corporated  into  the  system.  This  permits  large 
amounts  of  parallel  data  to  be  input  to  and  output  from 
the  system,  alleviating  the  pin-out  constraints  found  in 
semiconductor  electronics.  Second,  communication 
intensive  operations  may  be  performed  easily  with  the 
optical  system.  And  finally,  the  optical  system  cannot 
tell  the  difference  between  global  and  local  intercon¬ 
nections.  It  is  the  lack  of  these  features  that  is  be¬ 
coming  a  substantial  limiting  factor  in  the  design  and 
development  of  state-of-the-art  semiconductor  elec¬ 
tronic  systems.  These  points  are  treated  more  fully  in 
the  subsequent  paper.29 
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~  Polar  Duke  Replaces  Hero 

The  NSF  has  acquired  the  services  of  an  ice-strengthened 
research  ship  to  support  the  U  S.  Antarctic  Program  for 
three  years  [with  possible  extension  of  an  additional  two 
yearsl  beginning  in  Dec  1984.  The  ship  will  be  used  exclu¬ 
sively  in  Antarctica  each  austral  summer  (Nov  through 
Apr  |.  but  may  be  available  for  other  programs  during  the 
austral  winters  (May  through  Sept.|,  beginning  in  May 
1085 

Polar  Duke,  whose  210-foot  hull  is  classified  as  strong 
as  that  of  an  ice-breaker,  will  replace  the  125-foot  wooden- 
hulled  Hero,  the  NSF-  ship  which  has  supported  antarctic 
research  since  I0o8  Built  in  1°8J  in  Norway  Polar  Duke 
has  a  4.3-foot  beam  two  mjin  engines  that  give  it  j  maxi¬ 
mum  speed  of  15  knots,  and  a  helicopter  deck,  it  currently 
accommodates  up  to  27  science  personnel  It  was  designed 
to  support  suent  ifu.  ami  transport  expeditions  in  arctic 
and  antarctic  waters 

Like  the  Hero,  the  Polar  Dukt  will  operate  between  the 
southern  tip  of  South  America  and  the  Antarctic  Peninsula 
where  NSf-  funds  research  in  biology,  oceanography,  and 
geology  The  Hero  will  continue  work  in  ‘•outhern  Chilean 
coastal  waters  until  Sept  1*^84  when  it  will  return  to  the 
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Architectural  implications  of  a  digital  optical  processor 

B.  K.  Jenkins,  P.  Chavel,  R.  Forchheimer,  A.  A.  Sawchuk,  and  T.  C.  Strand 


A  general  technique  is  described  for  implementing  sequential  logic  circuits  optically  In  contrast  with  semi 
conductor  integrated  circuitry,  optical  logic  systems  allow  very  flexible  interconnec  lions  between  gales  .,nd 
between  subsystems.  Because  of  this,  certain  processing  algorithms  which  do  not  map  well  onto  semicon¬ 
ductor  architectures  can  he  implemented  on  the  optical  structure.  The  algorithms  and  processor  arcni- 
tectures  which  can  be  implemented  on  the  optical  system  depend  on  the  interconnection  technique.  V.'e 
describe  three  interconnection  methods  and  analyze  their  advantages  and  limitations. 


I.  Introduction 

There  has  recently  been  considerable  research  in 
optical  systems  fof  parallel  computing  with  applications 
in  signal  processing.  The  advantages  of  optical  and 
hybrid  optical-electronic  systems  for  high  throughput 
parallel  multidimensional  processing  on  signals  with 
large  time-bandwidth  and  space-bandwidth  products 
are  well  known.  Nearly  all  these  systems  to  date  are 
basically  analog  and  have  severe  limitations  in  accuracy, 
programmability,  and  flexibility  compared  with  elec¬ 
tronic  digital  systems. 

Our  recent  research  concentrated  on  optical  combi¬ 
natorial  and  sequential  logic  systems  for  parallel  digital 
processing.  Some  of  this  work  included  parallel  ana- 
log-to-digital  conversion1  and  two  different  imple¬ 
mentations  of  optical  combinatorial  logic.2  3  Other 
implementations  of  parallel  optical  combinatorial  logic 
have  also  been  reported.4-8  In  addition,  a  few  systems 
of  varying  degrees  of  flexibility  using  optical  logic  op¬ 
erations  as  the  primary  data  processing  element  have 
been  reported.8-13  Recently,  we  implemented  an  op¬ 
tical  sequential  logic  circuit  including  a  clock  and  a 
master-slave  flip-flop  used  as  a  frequency  divider.14 
This  sequential  logic  system  provides  an  advantageous 
combination  of  a  very  high  degree  of  flexibility  along 
with  all  signals  (including  data  and  control  signals) 


P.  Chavel  is  with  Institut  d’Optique,  Orsay,  France;  R.  Forchheimer 
is  with  Linkuping  University,  Linkoping,  Sweden;  when  this  work  was 
done  B.  K.  Jenkins,  A.  A.  Sawchuk,  and  T.  C.  Strand  were  with  Uni¬ 
versity  of  Southern  California.  Department  of  Electrical  Engineering, 
Los  Angeles,  California  90089;  T.  C.  Strand  is  now  with  IBM  Corpo¬ 
ration,  San  Jose,  California  95193. 

Received  6  January  1984. 

0003-6935/84/193465-10S02.00/0. 

©  1984  Optical  Society  of  America. 


being  optical.  The  main  components  of  the  sequential 
logic  system  are  a  nonlinear  spatial  light  modulator 
(SL\1)  (ideally  having  a  threshold  response  function  i 
and  a  computer  generated  hologram  (CGH)  used  as  a 
beam-steering  element  for  interconnections.  The  SLM 
functions  as  a  2-D  array  of  independent  logic  gates,  and 
the  CGH  (or  set  of  them)  generally  consists  of  a  2-D 
array  of  subholograms  that  interconnect  the  gates  to 
form  a  circuit.  In  the  current  system  the  nonlinear  el¬ 
ement  is  a  Hughes  liquid  crystal  light  valve  iLCLV) 
with  a  45°  twisted  orientation  of  the  nematic  liquid 
crystal  molecules.15  Although  a  major  limitation  of  this 
current  SLM  is  its  slow  response  time  (i0-100  msec), 
we  feel  that  recent  improvements  in  both  LCLV  tech¬ 
nology16  and  the  exploration  of  new  technologies  such 
as  all-optical  bistability17-20  will  significantly  improve 
response  times.  We  will  not  directly  consider  the 
question  of  device  speed  in  this  paper;  it  is  discussed  in 
Ref.  14. 

The  main  emphasis  in  this  paper  is  on  processor  ar¬ 
chitectures  for  optical  sequential  logic.  Section  II 
briefly  reviews  the  fundamentals  of  optical  sequential 
logic.  Section  III  describes  basic  design  considerations, 
which  are  considerably  different  from  those  used  in  very 
large  sale  integration  (VLSI)  in  digital  electronics. 
Sections  IV-VI  describe  details  of  CGHs  used  as  in¬ 
terconnection  elements.  Two  basic  interconnection 
methods,  space-variant  and  space-invariant,  are  de¬ 
scribed.  The  main  limitation  on  the  number  of  gates 
is  due  to  space-bandwidth  limitations  of  the  CGH  and 
SLM.  A  hybrid  interconnection  system  having  both 
space-variant  and  space-invariant  elements  is  described 
in  Sec.  VI,  and  various  processor  architectures  that  lake 
advantage  of  each  interconnection  method  are  de¬ 
scribed. 

II.  Fundamentals  of  2-D  Optical  Sequential  Logic 

To  implement  any  logic  system,  we  require  two  fun¬ 
damental  elements:  a  nonlinear  device  to  prov.de  the 
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Fig.  1.  Functional  block  diagram  of  sequential  optical  logic. 

gate  function  or  basic  combinatorial  operations  and  an 
interconnection  element  (Fig.  1).  Furthermore,  if  we 
want  to  provide  for  sequential  logic,  the  interconnection 
path  must  include  feedback  paths  for  generating  clock 
signals  and  for  obtaining  memory  elements.  The  in¬ 
troduction  of  optical  feedback  and  optical  timing  signals 
makes  this  work  significantly  different  from  previous 
work,  because  the  dynamic  behavior  of  the  nonlinear 
device  now  plays  a  critical  role  in  operation  of  the  cir¬ 
cuit. 

We  use  the  Hughes  LCLV  as  the  nonlinear  compo¬ 
nent,  although  other  nonlinear  devices  could  also  be 
used.  This  device  produces  a  pointwise  nonlinear  be¬ 
havior,  which  to  some  extent  can  be  modified  and  in 
particular  can  take  a  shape  adequate  for  our  present 
needs.  For  example,  Fig.  2  depicts  a  response  function 
for  a  45°  twisted  nematic  device  operated  in  the  back- 
slope  mode.  We  used  the  device  in  this  mode  to  im¬ 
plement  the  NOR  function.  If  we  consider  the  total 
input  to  the  device  (gate  input)  as  the  sum  of  two  binary 
inputs  (input  lines),  the  output  will  be  a  binary  valued 
NOR  of  the  input  lines.  Other  binary  operations  can  be 
performed  by  altering  the  characteristic  curve  of  the 
device.3  Possible  input  and  output  values  are  indicated 
in  Fig.  2. 

The  nonlinearity  is  applied  to  all  points  on  the  device 
simultaneously.  Thus  each  resolution  element  or  pixel 
on  the  light  valve  acts  as  an  independent  gate.  Using 
resolution  Figures  quoted  for  current  SLMs,'6  arrays  of 
10s- 106  pixels  can  be  anticipated. 

The  remaining  problem  is  how  to  interconnect  the 
gates.  Although  several  techniques  are  possible,  CGHs 
seem  to  offer  the  best  solution.  By  using  CGHs  in  an 
optical  feedback  system,  the  output  from  any  gate  can 
be  directed  to  the  input  of  any  other  gate  or  combination 
of  gates.  Given  that  CGHs  are  to  be  used  for  inter¬ 
connections,  there  are  still  a  multitude  of  possible  sys¬ 
tems  for  achieving  the  desired  circuit.  In  the  following 
sections  we  describe  three  basic  interconnection 
methods.  Naturally,  each  method  offers  certain  design 
trade-offs  and  limitations.  It  is  the  purpose  of  this 
paper  to  examine  those  trade-offs  and  describe  how  they 
affect  system  design. 

III.  Processor  Design  Considerations 

The  rapid  evolution  in  semiconductor  fabrication 
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Fig  2.  LCLV  input/output  characteristic. 


technology  has  brought  with  it  significant  changes  Ln  the 
design  criteria  for  digital  systems.  The  technology  of 
optical  logic  further  alters  the  ground  rules  of  circuit 
design.  Because  the  design  limitations  also  determine 
the  architectures  appropriate  for  a  given  technology,  we 
will  briefly  consider  the  evolution  in  these  critical  fac¬ 
tors. 

From  the  earliest  digital  electronic  systems,  up 
through  the  stages  of  small  and  medium  scale  integra¬ 
tion,  the  gate  count,  or  total  number  of  gates  required 
to  implement  a  given  circuit,  has  been  the  overriding 
design  criterion.  Circuit  design  was  an  exercise  in 
Boolean  algebra  utilizing  Karnaugh  maps  and  related 
techniques  to  minimize  the  total  gate  count  while  still 
performing  the  desired  function. 

With  the  development  of  large  scale  integration  (LSI) 
and  very  large  scale  integration  (VLSI),  the  cost  of  in¬ 
dividual  gates  plummeted  to  the  point  where  it  consti¬ 
tutes  only  a  minor  factor  in  the  overall  system  cost 
function.  The  major  concern  in  VLSI  systems  has  be¬ 
come  internal  and  external  communications.-1'-2  The 
internal  wiring  network  affects  the  amount  of  active 
chip  area  available  for  gates  and  also  imposes  several 
timing  restrictions  on  the  systems.  In  current  systems 
it  is  common  for  as  much  as  ?0<7b  or  more  of  the  chip  area 
to  be  devoted  to  interconnections.23  The  speed  of  the 
system  is  a  function  of  propagation  delay  and  gate  delay 
Except  for  very  short  wires,  propagation  is  a  diffusion 
process,  and  the  propagation  delay  is  determined  by  the 
length,  resistivity,  and  parasitic  capacitance  associated 
with  the  wire.24  The  gate  delay  is  also  affected  by 
parasitic  capacitance  of  the  wire.  Although  the  prop¬ 
agation  delays  can  be  reduced  by  process  technology 
(e.g.,  using  thick  metal  layers),  it  appears  they  will  still 
be  a  limiting  factor  in  the  system  timing  consider¬ 
ations.25  The  same  propagation  delay  considerations 
lead  us  to  the  conclusion  that  any  attempt  to  distribute 
synchronizing  clock  signals  over  an  entire  chip  will  in¬ 
evitably  introduce  serious  clock  skew.24  26  The  wire 
length  also  has  a  direct  effect  on  the  power  consumption 
within  the  chip.  Another  restriction  in  the  intercon¬ 
nection  network  is  that  the  VLSI  circuit  is  essentially 
a  2-D  structure.  Although  wires  can  cross  over  one 
another  in  a  multilayer  structure,  the  maximum  feasible 
number  of  overlapping  wires  or  conducting  layers  is  very 
small.  A  final  VLSI  limitation  related  to  wires  and 


Ji 


20 


communication  is  t lie  problem  of  pm-oiits.  Tlie  num¬ 
ber  oi'  pins  available  tor  communication  between  the 
,  hip  and  the  rest  of  the  system  is  severely  limited.  In 
VLSI  systems  there  is  a  great  deal  of  interest  in  systolic 
arrays  and  related  architectures  that  achieve  high 
processing  throughput  rates  for  certain  algorithms  by 
exploiting  concurrency  and  pipelining.-1--’"  However, 
highlv  parallel  systems  usually  require  a  large  number 
of  input  or  output  data  channels,  and  highly  pipelined 
systems  frequently  require  a  large  number  of  input 
control  lines.  Thus  the  extent  of  concurrency  and  pi¬ 
pelining  which  can  be  achieved  is  directly  limited  by  the 
number  of  pin  connections  to  the  chip.-7  Pin-out 
constraints  will  similarly  limit  the  efficiency  of  other 
VLSI  processors. 

One  effect  of  these  communication  limitations  is  the 
emphasis  on  highly  structured  and  regular  intercon¬ 
nection  patterns.  Modular  building  blocks  such  as 
programmable  logic  arrays  (PLAs),  read-only  memories 
i.ROMsb  and  standard  cells  are  heavily  relied  upon  to 
produce  VLSI  chips.  Another  effect  is  the  close  scru¬ 
tiny  of  data  flow  by  VLSI  designers  to  find  ways  in 
which  pipelining  can  be  maximized  and  to  find  ways  of 
eliminating  synchronization  requirements.-8  All  this 
has  led  to  a  concentration  of  interest  in  special  purpose 
processors  such  as  wave  front  array  processors  and 
systolic  arrays.-6'28-29 

For  the  optical  logic  system  described  here,  the  major 
design  considerations  are  admittedly  not  so  well  defined 
as  for  VLSI  at  this  point.  However,  it  is  clear  that  the 
cost  function  is  much  different  than  for  the  integrated 
circuit  systems,  fn  particular,  most  of  the  communi¬ 
cation  costs  affecting  VLSI  design  are  not  associated 
with  the  optical  system.  For  the  systems  described 
here,  all  interconnections  have  the  same  length  to  first 
order  due  to  their  optical  imaging  or  Fourier  transform 
nature.  Thus  synchronization  problems  due  to  clock 
skew  should  be  eliminated,  making  large  syncrhonized 
systems  more  feasible.  Being  able  to  synchronize  the 
circuits  eliminates  the  need  for  handshaking  or  other 
asynchronous  techniques  which  introduce  various 
amounts  of  waiting  time  for  individual  circuit  elements. 
Although  an  interconnection  path  length  would  still 
ultimately  affect  the  speed  of  the  optical  system,  since 
the  path  length  is  constant,  it  is  not  a  design  variable 
that  affects  architectural  decisions.  The  other  prob¬ 
lems  associated  with  wire  length,  namely,  power  con¬ 
sumption  and  device  area  utilization,  are  not  relevant 
to  the  optical  logic  system.  With  the  optical  systems, 
none  of  the  active  device  area  is  occupied  by  intercon¬ 
nections.  Also  the  power  consumption  of  the  system 
is  independent  of  the  interconnection  path  length. 

A  striking  feature  of  the  optical  system  is  the  inter¬ 
connection  flexibility.  As  we  pointed  out,  wire  length 
is  not  a  problem  for  an  optical  system.  Thus,  for  ex¬ 
ample,  a  gate  may  be  connected  to  the  most  distant 
gates  on  the  device  as  easily  as  it  is  connected  to  its 
nearest  neighbors.  With  VLSI,  even  if  such  intercon¬ 
nections  were  not  impractical  due  to  wire  length  re¬ 
strictions,  they  would  be  impractical  due  to  the  inevi¬ 
table  problems  of  wires  crossing  over  one  another  in 


conjunction  with  the  reduction  in  device  area  utilization. 
This  restriction  makes  many  interesting  archite.  tun-* 
such  as  cellular  pyramids  very  difficult  to  impletm  r.l 
in  VLSI.20  Ti  ie  optical  system,  on  the  other  hand,  has 
no  such  restriction.  Thus  pyramid  structures  and  other 
architectures  requiring  complex  interconnections  would 
merit  consideration  for  an  optical  logic  system. 

Finally,  the  problem  of  pin-outs  is  aiso  alleviated  hv 
the  optical  logic  system  described  here.  The  optical 
system  naturally  can  accept  a  large  number  of  parallel 
inputs  and  at  the  same  time  generate  a  large  number  ot 
parallel  outputs.  Thus  the  problem  of  communication 
between  separate  devices  is  eliminated  as  is  the  limi¬ 
tation  on  concurrent/pipelined  processing  mentioned 
above. 

Having  shown  that  the  communication  restrictions 
which  dictate  design  criteria  for  VLSI  do  not  apply  to 
the  optical  logic  system,  what  are  the  major  limiting 
factors  for  the  optical  system?  Given  that  we  are  ig¬ 
noring  the  important  question  of  gate  switching  times 
at  this  point,  with  the  expectation  that  future  devel¬ 
opments  will  improve  this  parameter,  the  most  impor¬ 
tant  factor  seems  to  be  the  space-bandwidth  product 
(SBWP)  of  the  holograms  which  form  the  intercon¬ 
nections.  This  is,  we  should  point  out,  loosely  con¬ 
nected  to  the  question  of  wire  lengths,  although  it  is 
more  appropriately  associated  with  a  measure  of  the 
interconnection  complexity  and  regularity.  In  the 
following  sections  we  describe  three  different  inter¬ 
connection  schemes  which  differ  in  their  interconnec¬ 
tion  complexity:  a  space-invariant  system  w ith  a  per¬ 
fectly  regular  structure  with  minimal  space-bandwidth 
requirements;  a  space-variant  structure  with  severe 
space-bandwidth  requirements;  and  a  hybrid  system. 
The  constraints  associated  with  these  systems  will  de¬ 
termine  the  architectures  which  are  most  appropriate 
for  implementation  with  the  optical  logic  system. 

Since  there  are  significant  differences  between  the 
factors  which  limit  VLSI  and  our  optical  logic  system, 
one  might  ask  if  there  are  application  areas  specifically 
well  suited  to  one  or  the  other.  Due  to  the  restrictions 
on  communications,  VLSI  systems  are  being  particu¬ 
larly  considered  for  applications  which  involve  very 
regular  structures  and  simple  data  flow  that  can  be 
handled  with  only  local  communications.  This  has  led 
to  the  development  of  systolic  array  architectures.2"  29 
These  structures  are  well  suited  to  many  vector-matrix 
and  matrix-matrix  operations. 

However,  there  are  many  common  algorithms  which 
inherently  require  global  communications.  These 
cannot  be  conveniently  handled  by  VLSI  but  could,  in 
principle,  be  implemented  with  the  optical  logic  sys¬ 
tem.81  For  example,  although  the  discrete  Fourier 
transform  (DPT)  can  be  expressed  as  a  problem  in¬ 
volving  only  local  communications,  the  fast  tourier 
transform  (FFT)  algorithms  inherently  require  global 
communications  due  to  their  pyramidlike  butterfly 
structure.  Thus  by  going  to  an  optical  logic  system,  one 
might  be  able  to  take  advantage  of  the  FFT  structure 
and  speed  at  the  hardware  level.  Other  examples  of 
communication-limited  operations  are  value  counting 
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Fig.  3.  Space-variant  interconnection  system.  In  general  the  ho¬ 
logram  produces  multiple  diffraction  orders,  only  one  of  which  is 
used. 

or  histogramming  and  regional  property  computation, 
both  of  which  require  global  summing  operations.30 
Additional  thoughts  on  parallel  optical  digital  com¬ 
puters  and  applications  to  symbolic  substitution  are 
given  in  Ref.  11. 

IV.  Space-variant  Interconnection  Method 

The  most  general  interconnection  system  is  one  in 
which  any  gate  output  can  be  connected  to  the  input  of 
any  gate  or  combination  of  gates.  If  we  think  of  the 
interconnection  system  as  imaging  the  gate  output  array 
plane  onto  the  gate  input  array  plane,  this  approach 
represents  a  space-variant  imaging  system.  The  image 
of  a  gate  output  consists  of  a  collection  of  spots  (the 
impulse  response  of  the  system  for  that  particular  point) 
that  illuminate  the  appropriate  gate  inputs  and  form 
the  circuit  interconnections.  Because  each  object  point 
(gate  output)  sees  a  different  impulse  response  (inter¬ 
connection  pattern)  this  represents  a  general  space- 
variant  system.  A  space-variant  system  has  been  built 
to  demonstrate  the  concept  of  sequential  optical  logic. 
The  demonstration  circuit  that  was  implemented 
comprises  a  ring  oscillator  which  generates  a  clock  signal 
and  a  master-slave  flip-flop  driven  by  the  clock.  This 
system  is  operational  arid  described  in  another 
paper.1 ' 

A  schematic  diagram  of  the  optical  system  used  for 
the  space-variant  interconnections  is  shown  in  Fig.  3. 
First,  the  gate  outputs  are  imaged  onto  the  intercon¬ 
nection  hologram.  This  CGH  consists  of  an  array  of 
subholograms,  one  subhologram  for  each  gate.  When 
illuminated  by  its  corresponding  gate  output,  a  subho¬ 
logram  will  reconstruct  an  image  on  the  write  side,  or 
gate  input  side,  of  the  light  valve.  The  reconstructed 
images  are  simple  dot  patterns,  each  bright  dot  illumi¬ 
nating  a  gate  input.  Because  the  reconstructed  images 
can  be  designed  to  illuminate  any  combination  of  gate 
inputs,  arbitrary  interconnections  are  possible.  As 
shown  in  Fig.  3,  the  desired  interconnections  are  formed 
in  one  particular  diffraction  order.  Typically,  a  con¬ 
jugate  image  will  also  be  produced,  in  which  case  it  can 
be  used  to  probe  the  system  without  affecting  system 
operation  or  to  access  the  system  outputs. 

While  this  interconnection  scheme  allows  complete 
generality,  a  price  is  paid  in  terms  of  the  space-band¬ 
width  product  requirements  on  the  CGH.  Let  there  be 
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an  .V  X  .V  array  of  subholugrams  on  the  CGH  and  an  .V 
X  .V  array  of  gates  on  the  nonlinear  device.  Each  sub- 
hologram  must  be  capable  of  addressing  any  of  the  .V- 
gate  inputs.  The  number  of  addressable  points  is  equal 
to  the  number  of  complex-valued  samples  in  a  subho¬ 
logram  assuming  a  Fourier  hologram  Thus  the  actual 
SBWP  of  each  subhologram  is 


■Si  =  p  V.V,  m 

where  p-  is  the  number  of  resolution  elements  in  ihe 
hologram  used  to  represent  one  complex-valued  sample, 
and  q 2  is  a  factor  representing  the  amount  of  over- 
sampling  in  the  hologram  plane.  Generally  p:  >  1  be¬ 
cause  the  complex  sample  values  must  be  encoded  into 
the  hologram,  e.g.,  as  real  values.  Also  we  generally 
have  q2  >  1  to  avoid  cross  talk.  These  problems  are 
discussed  below. 

The  entire  interconnection  hologram  consists  of  S2 
subholograms,  one  for  each  gate.  Thus  the  total  SBWP 
of  the  hologram  is  St  where 

ST  =  .v2Ss  =  p-q1yi.  12) 

Because  Sr  a  -V4,  we  expect  that  the  hologram  SBWP 
Sr  will  quickly  become  the  limiting  factor  as  .V  in¬ 
creases.  We  will  verify  that  below,  but  first  we  need  to 
Study  the  cross  talk  in  the  gate-input  plane  to  get  a 
feeling  for  the  expected  values  of  q2. 

The  cross  talk  can  be  represented  by  a,  the  ratio  be¬ 
tween  gate  inputs  of  the  worst-case  (largest)  zero  value 
/0  and  the  worst-case  (smallest)  one  value  / p 

(Y  =  lo/t,.  <-V 

We  requires  <  1  to  distinguish  all  possible  zero  and  one 
states.  Assume  that  the  intensity  profile  of  a  single  gate 
input  reconstructed  from  a  subhologram  is  F(x,y). 
[The  reconstruction  of  a  subhologram  can  be  repre¬ 
sented  by  a  set  of  Dirac  delta  functions  (one  for  each 
addressed  gate  input)  convolved  with  the  Fourier 
transform  W(x,y)  of  the  aperture  function  of  the  sub¬ 
hologram.  Then  F{x,y)  =  |  VV(x,y)|-.|  Thus  ihe 
worst-case  one  value  is  the  integral  of  F  over  the  defined 
area  a  of  the  gate  input: 


1 1  =  jj  F(x,x)dxdy. 

The  worst-case  zero  level  occurs  when  all  gates  have 
their  maximum  input  levels  except  for  the  gate  in 
question  which  has  a  zero  input  level.  If  each  gate  lias 
m  input  lines  (a  fan-in  of  m )  and  gates  are  coni  iguous, 
the  worst-case  zero  can  be  shown  to  be 


*— JK  F(x,y)dxdy  -  Fix,y  )dxdy j  •  (o) 

where  A  is  the  area  of  the  entire  gate  array.  This  as¬ 
sumes  that  the  spatially  integrated  sum  of  gate  input 
lines  from  different  subhologrnms  is  effectively  an  in¬ 
coherent  sum.  Note  that  such  inputs  actually  add  co¬ 
herently  hut  that  they  produce  interference  fringes. 
Spatial  integration  over  these  fringes  results  in  the  ef¬ 
fective  incoherent  summation.  Similarly,  the  above 
equation  assumes  that  the  gate  inputs  reconstructed 
from  a  single  subhologram  also  can  be  modeled  as 
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Fig.  1.  Space-invariant  interconnection  system. 

adding  incoherently.  This  will  he  essentially  true  if  a 
pseudorandom  phase  is  applied  to  the  n  distinct  gate 
inputs,  where  n  is  the  fan-out.  Combining  the  above 
equations  we  get 

a  -  mi l/Eo  —  l).  (6) 

where  Ety  is  the  fraction  of  the  single-gate  input  inten¬ 
sity  profile  which  falls  within  the  defined  area  of  that 
gate: 

Co  =  f£  fix.,  ulxdy  j  Jl  F(x.y)dxdy.  (?) 

We  define  the  minimum  gate  area  as  a0  =  1/Z.Sh.  where 
Lsu  is  the  width  of  each  (square)  subhologram.  Al¬ 
lowing  for  .V2  contiguous  gates  implies  a  Nvquist  fre¬ 
quency  /vyq  =  iV/LsH-  The  actual  gate  area  is 

<i  =  y-oo.  (8) 

where  q  is  the  oversampling  factor  defined  by  /samp  = 
qfs yq  and  /Mmp  is  the  sampling  rate.  Obviously,  as  q 
increases  Eq  approaches  unity  and  a  approaches 
zero. 

We  now  consider  an  example.  If  we  use  a  triangle 
function  in  ,t  andy  for  the  aperture  (window)  function 
of  each  subhologram,  its  Fourier  transform  is  a  2-D  sine2 
function, 

F[x,y)  =  sinc4(x/2)  sinc4(y/2).  (9) 

Choosing  q  =  2  yields  a  cross  talk  a  =  (0.11)m,  so  that 
3-input  gates  cause  a  cross  talk  of  0.33.  Thus  for  NOR 
gates  the  thresholding  of  the  nonlinear  device  could  be 
performed  anywhere  between  relative  gate  input  levels 
of  0.33  and  1.0.  In  this  case  the  sampling  rate  is  twice 
the  Nyquist  rate.  Increasing  q  permits  a  larger  fan-in, 
e.g.,  <7  =  3  implies  a  =  (0.0082)m,  and  a  cross  talk  of  0.33 
permits  40-input  gates  to  be  used.  Also  note  that  use 
of  a  more  appropriate  aperture  function  could  permit 
smaller  values  of  q. 

To  estimate  the  SBWP  that  can  be  written  onto  a 
CGH,  we  assume  the  CGH  is  written  using  electron- 
beam  lithography,  as  was  the  case  for  the  experimental 
demonstration  of  the  optical  logic  system.14  This 
electron-beam  system  has  written  linewidths  down  to 
0.3  pm  and  has  a  maximum  file  size  of  1.024  mm  on  a 
side.  Files  can  be  stitched  together  to  yield  a  maximum 
size  of  10  cm  on  a  side.  If  we  minimize  the  effect  of  the 
stitch  error  by  making  the  file  boundaries  coincident 
with  subhologram  boundaries,  an  effective  SBWP  of 
4  X  1010  is  attainable. 


Fig.  5.  Example  of  a  space- invariant  interconnection  network. 
Nodes  represent  gates,  and  arrows  are  the  (optical  I 
interconnet  tions. 


The  hologram  coding  parameter  p,  defined  in  Eq.  ( 1), 
for  the  case  of  a  Burckhardt  hologram,32  has  a  minimum 
value  of  3  assuming  square  ceils.  Having  found  that  q 
will  typically  be  in  the  range  of  2-3,  we  conclude  that  the 
maximum  feasible  number  of  gates  corresponds  to  a 
value  of  pq  of  the  order  of  10.  From  Eq.  (2)  and  the 
above  SBWP,  we  find  that  the  gate  array  dimension  is 
1 V  X  N  where 


,V  *  100-200 

for  space-variant  interconnections.  Because  this  is  less 
than  the  SBWP  capabilities  of  some  spatial  light  mod¬ 
ulators,  the  CGH  is  the  limiting  element. 

Since  the  space-variant  system  allows  arbitrary  in¬ 
terconnections,  the  only  other  possible  limitation  on  the 
circuits  that  can  be  implemented  is  the  requirement 
that  all  gates  must  perform  the  same  binary  operation, 
e.g.,  NOR  in  this  case.  However,  since  all  the  Boolean 
operations  may  be  constructed  out  of  NOR  gates,  this 
does  not  limit  the  types  of  processing  operations  that 
can  be  performed.  Another  feature  is  that  circuits  with 
any  degree  of  inherent  pa  dlelism,  or  lack  thereof,  can 
be  implemented  with  approximately  equal  ease. 

V.  Space-invariant  Interconnection  Method 

If  one  is  willing  to  compromise  on  the  arbitrariness 
of  the  gate  interconnections,  a  substantial  increase  in 
the  possible  number  of  gates  results.  The  extreme  case 
is  a  totally  space-invariant  interconnection.  This  is  the 
idea  behind  the  interconnections  of  the  processor  sug¬ 
gested  by  Huang.12  We  implement  this  interconnection 
method  optically  via  an  imaging  system  with  a  space- 
invariant  filter  using  one  simple  hologram  for  the  entire 
circuit  (Fig.  4).  The  filter  has  an  impulse  response 
consisting  of  a  series  of  spots  which  illuminate  the  ap¬ 
propriate  gate  inputs  as  in  the  space-variant  case. 
However,  in  this  case,  the  impulse  response  (intercon¬ 
nection  pattern)  is  the  same  for  every  gate  output,  and 
the  gate  inputs  are  addressed  relative  to  the  position  of 
the  gate  output.  The  space-variant  method  worked  on 
the  basis  of  absolute  addressing. 

An  example  of  a  space-invariant  interconnection 
pattern  is  shown  in  Fig.  5.  Each  dot  in  the  figure  rep¬ 
resents  a  (NOR)  gate,  and  each  arrow  represents  an  in¬ 
terconnection  from  the  output  of  one  gate  (dot)  to  the 
input  of  another.  Each  gate  is  considered  to  have  one 
additional  unconnected  input  line  for  an  enable/disable 
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signal.  A  particular  circuit  is  implemented  by  disabling 
the  appropriate  gates.  In  the  NOR  case,  a  gate  is  dis¬ 
abled  by  projecting  light  onto  it  (i.e.,  putting  a  1  onto  the 
unconnected  input  line).  With  the  illustrated  inter¬ 
connection  pattern  it  is  possible  to  transfer  data  in 
various  directions  without  getting  unintended  feedback 
loops.  The  major  limitation  of  this  interconnection 
method  is  that  the  implementation  of  many  circuits  will 
require  a  large  number  of  gates  to  be  disabled.  Ob¬ 
viously,  some  circuits  can  utilize  the  gates  more  effi¬ 
ciently  than  others. 

As  an  example,  a  good  utilization  of  gates  can  be 
achieved  for  some  digital  systems  that  perform  parallel 
image  processing  operations  over  an  array  of  image 
points.  In  this  discussion,  we  define  image  point  as  a 
resolution  element  of  an  image  to  be  processed,  while 
we  use  the  term  pixel  to  refer  to  a  resolution  element  on 
the  nonlinear  device  that  forms  one  gate.  Parallel 
image  processing  systems  generally  require  several  gates 
per  image  point.  We  refer  to  the  set  of  gates  associated 
with  an  image  point  as  a  logic  element.  Here  we  con¬ 
sider  the  important  case  of  identical  logic  elements.  Let 
the  number  of  gates  per  logic  element  be  denoted  by 
r. 

When  r  is  equal  to  three,  each  logic  element  has  three 
gates,  and  we  label  these  gates  x,y,  and  z.  A  possible 
physical  layout  for  all  the  individual  gates  in  the  pro¬ 
cessor  is  shown  in  Fig.  6,  where  each  gate  is  denoted  by 
a  black  dot.  The  active  device  area  contains  three 
identical  subarrays  of  gates.  The  x  subarray  is  a  col¬ 
lection  of  every  gate  in  the  processor  labeled  x,  one  from 
each  logic  element.  Similarly,  the  y  and  z  subarrays  are 
composed  of  all  the  y  and  z  gates,  respectively.  Thus 
the  number  of  gates  in  each  subarray  is  equal  to  the  total 
number  of  logic  elements  (which  is  equal  to  the  total 
number  of  image  points  to  be  processed  in  parallel). 
The  number  of  subarrays  is  equal  to  r.  All  gates  are 
identical  and  communicate  with  each  other  in  a  space- 
invariant  manner.  With  up  to  three  gates  per  image 
point,  interconnections  within  a  logic  element  can  be 
chosen  arbitrarily,  and  interconnections  to  and  from  a 
logic  element  can  be  chosen  almost  arbitrarily.  Once 
these  interconnections  are  chosen,  all  logic  elements  are 
connected  identically. 

Figure  6  shows  a  (space-invariant)  point  spread 
function  that  connects  the  output  of  an  x  gate  to  the 
input  of  the  corresponding  z  gate  (within-logie  element 
connection)  and  also  to  the  input  of  the  y  gate  of  the 
logic  element  located  two  positions  down  in  the  array 
(between-logic  element  connection).  Kecause  of  the 
locations  of  the  gates  on  the  device,  this  point  spread 
function  connects  the  outputs  of  the  y  and  z  gates  to 
points  that  are  either  off  the  device  or  in  an  unused  area 
of  the  device;  thus  these  connections  have  no  effect. 

One  restriction  on  the  between-logic  element  inter¬ 
connections  is  that  the  output  of  one  gate  cannot  be 
connected  to  the  same  gate  of  a  different  logic  element, 
e.g.,  x  gate  to  x  gate,  without  also  connecting  they  gate 
to  y  gate  and  z  gate  to  z  gate.  The  only  other  require¬ 
ment  is  on  the  directions  of  long  between-logic  element 
interconnections.  Because  of  boundary  effects,  there 


ACTIVE  DEVICE  AREA 

Fig.  6.  Example  of  a  system  with  space-invariant  interconnections 
for  parallel  image  processing  operations.  The  system  has  three  gates 
per  image  point;  i ,  y ,  and  z .  These  three  gates  are  called  a  logic  ele¬ 
ment  The  gates  are  represented  by  dots  in  the  figure,  and  their 
physical  layout  on  the  active  device  area  is  shown.  The  x  subarray 
is  composed  of  all  the  x  gates  in  the  processor  with  similar  subarrav3 
for  they  and  x  gates.  This  configuration  allows  arbitrary  intercon¬ 
nections  within  logic  elements  and  also  achieves  a  Siigh  gate 
utilization. 

must  be  an  unused  area,  or  buffer  zone,  separating  the 
x,  y,  and  z  subarrays.  This  buffer  zone  is  small  when 
connections  between  logic  elements  in  certain  directions 
are  limited  in  length  (one  gate  distance  for  nearest 
neighbor  connections)  but  can  become  quite  large  when 
distant  logic  elements  are  connected  in  certain  direc¬ 
tions.  Distant  logic  elements  can  be  connected  in  other 
directions,  however,  without  requiring  large  buffer 
zones.  With  four  or  more  gates  per  logic  element  (r  > 
4)  some  restrictions  apply  on  the  interconnections  both 
within  and  between  logic  elements.  A  set  of  intercon¬ 
nection  rules  can  be  enumerated  for  a  given  r  >  4.  Wc 
also  note  that  the  subarrays  in  Fig.  6  need  not  be  square 
but  can  be  other  shapes  to  better  fill  the  active  device 
area. 

These  ideas  are  further  illustrated  with  a  simple  ex¬ 
ample  that  uses  three  gates  per  image  point  as  shown 
in  Fig.  7.  Each  image  point  is  labeled  E,  and  each  is 
connected  to  its  four  nearest  neighbors:  A,  B,C,  and 
D.  This  circuit  implements  a  binary  version  of  a  I.a 
placian  edge  detector — if  the  value  of  image  point  E  is 
1,  and  at  least  one  of  its  nearest  neighbors  is  0,  1  is  out¬ 
put  at  image  point  E.  Otherwise,  zero  is  output.  The 
point  spread  function  (PSF)  that  implements  this  cir¬ 
cuit  is  depicted  in  Fig.  8.  As  this  PSF  is  convolved  with 
the  gate  array,  all  interconnections  are  accounted  for 

Since  the  holographic  element  used  in  this  inter¬ 
connection  system  is  simple,  a  very  large  number  of 
gates  can  be  interconnected.  Even  allowing  the  PSF 
to  address  simultaneously  any  set  of  gates  in  the  array, 
the  space-bandwidth  product  required  of  the  hologram 
is  of  the  order  of  p2q-N'2  [see  Kq  (O).  Thus  if  the  full 
SBWP  available  with  the  COM  could  be  exploited  in 
this  system  and  if  p-q2  ~  100,  ~4  X  10s  gates  could  be 
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Fig.  7.  Example  of  a  circuit  with  three  gates  per  image  point  which 
could  be  implemented  with  the  space-invariant  arrangement  of  Fig. 
6.  This  circuit  implements  a  binary  Laplacian  edge  detector  on  an 
image.  All  image  points  are  processed  in  parallel.  Each  image  point 
is  denoted  by  E,  and  each  is  connected  to  its  four  nearest  neighbors: 
A,  B,  C,  and  D. 


Fig.  8.  Space-invariant  interconnection  pattern  required  For  the 
binary  Laplacian  edge  detector  of  Fig.  7. 

interconnected.  The  hologram  for  this  system  could 
also  be  recorded  optically.  In  either  case,  the  number 
of  gates  with  the  space-invariant  interconnection 
method  is  limited  by  the  SBWP  of  the  spatial  light 
modulator. 

As  mentioned  above,  the  method  of  disabling  gates 
to  implement  circuits  decreases  the  number  of  gates 
that  are  actually  used  and,  therefore,  severely  restricts 
the  variety  of  operations  that  can  be  performed  effi¬ 
ciently.  It  also  adds  a  degree  of  complexity  to  the  sys¬ 
tem.  However,  this  method  of  optically  disabling  gates 
also  provides  a  potential  advantage — it  provides  a 
means  of  easily  rewiring  the  system  in  real  time  by 
changing  the  disable  signals.  This  could  offer  consid¬ 
erable  flexibility  in  making  an  adaptive  system. 

VI.  Hybrid  Interconnection  Method 

At  this  point  we  have  seen  two  approaches  to  inter¬ 
connecting  gates.  In  the  space-invariant  case  there  is 
only  one  interconnection  pattern  which  is  applied  to  all 


Fig.  9.  Hybrid  interconnection  system.  The  first  hologrum  is  a 
space-variant  element  as  in  Fig.  3.  The  second  hologram  is  an  array 
of  space-invariant  filters. 

gates,  whereas  in  the  space-variant  case  the  number  of 
distinct  interconnection  patterns  is  in  general  large  and 
potentially  equal  to  the  number  of  gates.  These  two 
approaches  represent  the  extreme  cases  in  terms  of  the 
space-bandwidth  requirements  they  place  on  the  CGH. 
The  trade-offs  l between  these  two  is  increased  flexibility 
at  the  cost  of  increased  hologram  complexity.  Since  the 
space-invariant  case  generally  suffers  from  inefficient 
gate  utilization  and  the  space- variant  system  is  limited 
by  the  hologram  to  the  number  of  gates  it  can  address, 
it  is  worthwhile  considering  if  there  is  a  combination  of 
techniques  which  can  achieve  high  gate  utilization  ef¬ 
ficiency  and  at  the  same  time  be  limited  in  gate  count 
only  by  the  space-bandwidth  product  limitations  of  the 
spatial  light  modulator. 

Our  approach  to  this  has  been  to  consider  a  hybrid 
system  which  combines  space-variant  and  space  in¬ 
variant  interconnections.  The  idea  is  to  define  a  finite 
number  M  of  distinct  interconnection  patterns.  We 
then  assemble  our  circuit  using  only  these  M  intercon¬ 
nection  patterns.  If  the  total  number  of  gates  is  N2,  we 
assume 

1  «  Af  «  JVJ  (10) 

so  that  this  system  is  truly  intermediate  between  the 
space-variant  and  space-invariant  cases.  If  M  is  large, 
we  anticipate  that  we  have  almost  complete  flexibility 
in  designing  our  circuit. 

The  optical  implementation  of  this  system  is  sche¬ 
matically  diagrammed  in  Fig.  9.  Here  the  gate  output 
array  is  imaged  onto  a  space-variant  filter  element  as 
in  Fig.  3.  The  purpose  of  this  element  is  to  deflect  the 
light  from  each  gate  output  through  one  of  M  subholo- 
grams  in  the  second  CGH  (Fig.  9).  These  subhologTams 
act  as  space-invariant  filter  elements  which  produce  the 
M  different  interconnection  patterns  in  the  gate  input 
plane. 

Although  the  space-variant  element  would  appear  to 
have  the  same  space-bandwidth  limitations  as  in  the 
simple  space-variant  case,  we  note  that  the  SBWP  of 
each  subhologram  in  this  plane  is  now  of  the  order  of  M 
rather  than  of  the  order  of  N2.  Thus  the  total  SBW  P 
requirement  in  this  element  is  much  less  than  in  the 
previous  space-variant  case.  The  subholograms  in  the 
space-invariant  element  generally  have  a  relatively  low 
SBWP. 

The  SBWP  Ss,  of  a  subhologram  in  the  first  holo- 
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gram  H  i  is 

i's,  =  p\q',M.  (11) 

where  A/  is  the  number  of  subholograms  in  the  second 
hologram  Hz.  and  pj  and  qj  represent  coding  and  ov¬ 
ersampling  factors,  respectively,  as  in  the  space-variant 
interconnection  section.  Similarly,  the  SBWP  of  a 
subhologram  of  H>  is  in  the  worst  case 

SSt  =  piqjN*.  (12) 

where  N-  =  number  of  gates.  This  worst  case  allows  the 
H'2  subhologram  to  address  any  n  gates  in  the  array.  If 
the  gates  it  addresses  are  localized,  i.e.,  are  all  contained 
in  the  same  portion  of  the  array,  its  SBWP  can  be  sig¬ 
nificantly  reduced  by  introduction  of  a  carrier  fre¬ 
quency.33  Since  H i  consists  of  N-  subholograms  and 
H- 2  consists  of  M  subholograms,  their  total  SBWPs  are 
given  by 

STl  -  p\q\MN 2  Sr,  =  pmMN*.  (13) 

and  here  again  Sr2  is  a  worst-case  estimate.  If  we  as¬ 
sume  both  holograms  are  written  in  the  same  manner, 
Sr,  =  St2  ~  St  and  p\-  Pz~  P.  from  which  it  follows 
that  q  i  =  <72  =  <71  thus 

ST  =  p2q2  MN*.  <14) 

As  in  the  space-variant  case,  we  need  to  analyze  the 
cross  talk  to  estimate  q. 

For  the  hybrid  interconnection  scheme,  two  sources 
of  cross  talk  exist.  Interpixel  cross  talk  occurs  between 
pixels  in  the  gate-input  plane  and  is  analogous  to  the 
cross  talk  treated  in  the  space-variant  interconnections 
section.  Intrahologram  cross  talk  occurs  between 
subholograms  in  the  second  hologram  and  also  con¬ 
tributes  to  noise  in  the  gate-input  plane.  (We  assume 
negligible  cross  talk  at  the  first  hologram  because  it  is 
in  the  image  plane  of  the  gate-output  array.) 

The  interpixel  cross  talk  is  completely  analogous  to 
the  cross  talk  in  the  space-variant  interconnection  case 
when  applied  to  Hz  and  the  gate-input  array,  and  the 
same  equations  apply. 

To  analyze  the  intrahologram  cross  talk,  we  have  to 
find  the  effect  of  this  cross  talk  in  the  gate-input  plane. 
We  assume  that  each  H ,  subhologram  addresses  only 
one  Hz  subhologram  and  that  all  subholograms  have 
the  same  fan-out  n.  Through  a  given  Hz  subhologram 
k.  there  are  only  n  subholograms  of  H,  that  can  address 
a  given  gate  input  p.  Any  unintentional  illumination 
of  h  from  one  of  these  //,  subholograms  will  contribute 
cross  talk  to  gate  p.  The  worst-case  (maximum)  zero 
input  to  p  then  occurs  when  all  n  of  these  H ,  subholo¬ 
grams  illuminate  the  nearest-neighbor  subholograms 
of  k.  We  then  sum  this  result  over  all  W2  subholograms 
k  to  obtain  the  worst-case  zero-level  input, 

lH11  =  E  n  TP  g{x,y)dxdy,  (15) 

k  ■  i  •)%/ ayy 

where  g(x,y )  is  the  intensity  profile  divided  by  n  in  the 
Hz  plane  due  to  the  illumination  of  one  Hz  subhologram 
by  one  H ,  subhologram  and  is  analogous  to  F(x  ,y )  in  our 
previous  derivation,  o/v.v  is  a  nearest-neighbor  sub¬ 


hologram  to  the  illuminated  H  >  subhologram.  All  ad¬ 
ditions  here  are  incoherent  because  we  are  effectively 
averaging  over  fringe  patterns  again.  The  worst  case 
one-level  gate  input  is  simply  the  integral  of  ;,’(*, y)  over 
the  illuminated  subhologram  a,  thus  the  intrahologram 
cross  talk  an  is 


nM 
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g{x,y)dzdy 
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vr 


JJ  g(x.y)dxdy 


(16) 


The  total  cross  talk  a  is  the  sum  of  contributions  to  the 
worst-case  zero-level  gate  input  from  both  sources  of 
cross  talk  divided  by  the  worst-case  one-level  gate  input. 
To  first  order  in  ap  and  an  it  is  given  by 


a  m  ap  +  an,  (17) 

where  ap  is  the  interpixel  cross  talk. 

Now  we  look  at  an  example.  Again  taking  a  2-D 
triangle  function  as  the  subhologram  aperture  function 
in  the  H ,  plane,  g (x y)  in  the  H 2  plane  is  given  by  F(x ,y ) 
of  Eq.  (9).  Now  the  intensity  profile  F(x, y)  in  the  gate 
input  plane  is  the  squared  modulus  of  the  convolution 
of  this  triangle  aperture  function  with  the  sine  function 
resulting  from  the  rect  aperture  function  in  the  Hz 
plane.  Taking,  for  example,  q  =  3  and  calculating  ap 
from  Eq.  (6)  and  an  from  Eq.  (16),  Eq.  (17)  yields 


a  =  m(0.0025)  +  i,Vf(0.00)8),  (lt>» 

where  m  is  the  fan-in  to  each  gate.  For  example,  if 
eight-input  gates  are  used  and  we  allow  a  =  0.50,  we  can 
have  fifty-three  different  interconnection  patterns  each 
with  a  fan-out  of  five.  These  numbers  are  strongly 
dependent  on  the  aperture  function.  Since  no  attempt 
to  optimize,  or  even  improve  on,  the  aperture  function 
was  made,  one  can  expect  a  significant  improvement  in 
these  numbers  by  using  a  more  appropriate  aperture 
function. 

Thus,  as  in  the  space-variant  case,  we  conclude  that 
the  maximum  number  of  gates  corresponds  to  a  value 
of  pq  of  the  order  of  10.  Again  using  S7  =  4  X  10W  (see 
Sec.  IV),  from  Eq.  (14)  we  get  AfiV2  «4X  10  s,  and  thus 
for  M  *  50  different  interconnection  patterns,  we  get 
of  the  order  of  107  gates  or  an  N  X  N  array  with  N  ~ 
2000-3000,  which  is  above  the  SBWP  capabilities  of 
presently  available  spatial  light  modulators. 

To  implement  an  arbitrary  circuit  with  the  hybrid 
interconnection  method,  the  M  interconnection  pat¬ 
terns  may  be  considered  a  basis  set  from  which  one 
constructs  the  desired  interconnections.  With  a  large 
enough  Af,  any  circuit  can  be  implemented  However, 
the  potential  of  this  architecture  can  be  exploited  more 
fully  by  implementing  circuits  with  a  high  degree  of 
regularity  or  symmetry.  Examples  include  parallel 
arrays,  such  as  systolic  arrays  and  cellular  automata. 
As  mentioned  earlier,  the  principal  motivation  behind 
the  systolic  array  concept  is  the  adaption  to  the  limi¬ 
tations  of  VLSI  structures. 

A  more  appropriate  application  of  our  hybrid  inter¬ 
connection  scheme  is  that  of  2-D,  or  more  generally 
N-dimensional,  processor  arrays.  A  conceptual  di- 
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Fig.  10.  Two-dimensional  processor  array  as  an  example  of  the  use 
of  the  hybrid  interconnection  system  of  Fig.  9.  Connections  within 
each  block  are  space-variant,  and  connections  between  blocks  are 
space- invariant. 


agram  of  a  2-D  array  is  shown  in  Fig.  10.  Each  block 
represents  a  processing  element  made  up  of  a  number 
of  gates  connected  in  some  arbitrary  manner.  Each 
block  may  be  identical  to  the  others  or  different,  al¬ 
though  the  more  similarities  there  are  between  blocks 
the  fewer  interconnection  patterns  are  needed.  The 
connections  between  blocks  will  typically  be  space- 
invariant.  Although  the  figure  depicts  only  nearest- 
neighbor  connections  between  blocks,  much  more 
complicated  interconnection  patterns,  without  regard 
to  the  physical  distance  between  connected  blocks,  may 
be  made  almost  as  easily,  permitting  implementation 
of  N -dimensional  arrays.  Thus  we  have  a  processor 
array  with  global  as  well  as  local  interconnections. 

This  concept  may  also  be  applied  to  computational 
algorithms  that  require  global  interconnections,  which 
are  often  difficult  or  inefficient  to  implement  using 
VLSI.  In  this  case,  the  blocks  in  the  figure  are  often 
identical,  but  the  interconnections  between  the  blocks 
are  space-variant  F requently,  however,  as  in  the  case 
of  the  FFT  mentioned  earlier,  there  is  still  a  high  degree 
of  symmetry  among  the  connections  between  blocks. 
Thus  this  class  of  algorithms  is  also  particularly  well 
suited  to  the  hybrid  interconnection  scheme. 

VII,  Conclusion 

We  have  described  some  of  the  architecture  and  de¬ 
sign  considerations  which  affect  the  implementation  of 
sequential  logic  in  an  optical  system. 

Whereas  in  VLSI  systems,  communication  costs  are 
the  major  limiting  design  factor,  in  the  optical  system, 
the  communication  costs  are  much  less  severe.  Thus 
many  architectures  which  may  be  impractical  in  VLSI 
due  to  communication  problems  may  be  implemented 
easily  in  an  optical  system. 

The  interconnection  network  can  be  produced  in 
several  different  ways.  We  discussed  three  methods: 
a  space-variant  technique  which  allows  arbitrary  in¬ 
terconnections  but  is  limited  by  the  SBWP  of  the  CGH; 
a  space-invariant  system  which  requires  only  simple 
CGHs  but  suffers  from  low  gate-utilization  rates;  and 
a  hybrid  of  these  two  techniques  which  provides  large 
gate  counts  with  high  gate-utilization  rates. 

The  major  limitations  of  the  system  at  this  point  re¬ 


late  to  the  device  used  as  a  gate  array.  In  particular,  the 
speed  of  current  devices  is  a  major  bottleneck.  Current 
work  in  optical  bistability  may  alleviate  that  restriction, 
although  significant  progress  will  have  to  be  made  be¬ 
fore  that  technology  develops  into  functional  devices. 
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Abstract 

Interest  in  optical  logic  systems  has  been  revived  recently  for  several  reasons.  One 
major  reason  is  that  optics  provides  a  means  for  overcoming  the  communication  bottlenecks 
which  are  beginning  to  limit  the  development  of  electronic  systems  both  at  the  chip  level 
and  at  higher  levels.  This  stems  from  the  fact  that  an  optical  system  in  effect  processes  a 
large  number  of  independent  parallel  channels.  However,  in  attempting  to  implement  optical 
interconnection  networks,  one  is  quickly  faced  with  the  need  to  realize  space-var iant 
interconnections.  In  this  paper  we  describe  various  means  of  achieving  space-var iant 
interconnections  for  optical  logic  systems.  All  of  the  techniques  use  computer-generated 
holograms  (CGH)  as  combination  beam-splitting  and  beam  directing  elements.  The 
space-var iance  can  be  obtained  with  either  a  direct  approach  where  a  separate  CGH  element 
forms  the  interconnections  for  each  logic  element,  or  with  a  basis  set  approach  which 
provides  significant  reductions  in  the  CGH  storage  requirements.  Examples  of  the  different 
approaches  are  discussed. 

Introduction 

There  is  a  recurring  interest  in  the  subject  of  space-var iant  optical  processing. 
There  are  two  major  questions  to  be  asked  on  this  subject:  a)  How  can  you  implement  a 
space-var iant  system?  and,  b)  What  do  you  do  with  a  space-var lan t  system?  In  tins  paper  we 
address  both  questions-  and  indicate  how  computer-generated  holograms  play  a  role  in  this 
problem. 

We  will  address  the  second  question  first  by  describing  an  example  where  space-var iant 
imaging  is  required.  An  increasingly  important  problem  today  is  making  interconnections  in 
digital  logic  systems.  This  is  a  particularly  3cute  problem  at  the  gate  level  of  digital 
logic  systems.  Interconnection  costs  comprise  the  major  factor  in  the  design  of 
very-large-scale  integrated  (VLSI)  circuits  (1).  Interconnections  between  chips  end  between 
subsystems  are  also  an  increasing  problem  due  to  the  need  for  large  numbers  of 
h tqh-bandwid th  lines.  Optics  offers  some  potential  advantages  for  making  such 
interconnections.  Fiber  optic  systems  are  useful  where  relatively  small  numbers  of  very 
high-bandwidth  lines  are  required,  such  as  between  computers.  When  a  large  number  of 
interconnections  must  be  made,  for  example  on  a  VLSI  chip,  other  techniques  must  be  found. 
Since  an  optical  imaging  system  can  be  thought  of  as  consisting  of  a  large  number  of 
parallel  communication  channels,  we  might  consider  if  it  could  be  used  for  such 
interconnections.  In  fact  if  we  want  a  fixed  interconnection  network  connecting  one  array 
of  nodes  to  another  array  in  a  one-to-one  fashion,  this  can  be  accomplished  by  a  simple 
imaging  system.  Gate  level  interconnections  on  a  chip  are  not  one-to-one  however  since 
typically  one  gate  output  will  feed  many  other  gates  (fan-out)  and  a  gate  will  generally 
have  several  inputs  (fan-in).  Furthermore,  each  gate  will  have  a  different  interconnection 
pattern  than  its  neighbors.  If  we  consider  the  array  of  gate  output  nodes  as  object  points 
and  the  gate  input  nodes  as  image  points,  then  an  optical  interconnection  system  can  be 
implemented  via  a  space-var iant  imaging  system  where  the  point  spr ead- f unc t ion  (psf) 
associated  with  a  given  object  point  is  simpiy  the  desired  interconnection  pattern  for  the 
corresponding  gate  (see  Fig.  1).  Thus,  any  techniques  developed  for  space-var iant  imaging 
are  potentially  applicable  to  the  interconnection  problem. 

Before  we  discuss  space-var iant  imaging  techniques,  it  is  worth  noting  the  special 
features  of  the  interconnection  problem  which  may  impact  the  choice  nt  implementation  for 
the  space-variant  system.  The  most  striking  feature  of  the  interconnection  problem  is  that 
the  object  and  the  imaqe  planes  comprise  discrete  arrays  of  isolated  points,  the  gate  input 
and  output  nodes.  Thus,  we  need  only  implement  a  discrete  and  finite  set  of  psfs  or 
interconnection  patterns.  Obviously,  each  psf  also  simply  consists  of  a  discrete  set  of 
paints.  As  we  will  explain  later,  one  implication  of  this  restriction  is  the  psfs  can  be 
c -nven i en 1 1 y  encoded  in  a  multi-facet  ha  log c aph l c  element  (21,  i.e.,  a  discrete  array  of 
small  holograms.  Another  important  fact  is  that  each  psf  must  be  exactly  reproduced.  This 
eliminates  from  cnuder^tion  space- va r lan t  techniques  which,  in  order  ti  minimize  storage 
requirements,  anprox mate  the  psf. 
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Fig.  1.  (a)  Optical  interconnections  incremented  via  a  space-var lant  imaging 
system;  ' b )  and  (c)  interconnection  patterns,  or  psfs  h(u-x;:<)  vs.  a, 
(b)  for  x=0,  and  (c)  for  x=l. 


The  storage  question  is  a  major  aspect  of  any  space-var  lant  system.  In  essence,  one 
needs  to  store  a  separate  psf  for  every  point  in  the  object.  Thus  for  objects  with  a 
reasonably  large  space-bandwidth  product  (S8WP) ,  the  filter  storage  problems  are  severe. 
Most  of  the  work  in  space-var lan t  imag l  .g  consists  of  exploring  methods  of  reducing  the 
information  storage  requirements.  In  general  there  are  three  different  problems  to  solve. 
First  and  foremost,  one  must  reduce  the  information  storage  requirements  to  a  mimmun. 
Secondly,  since  there  will  still  generally  be  a  large  number  of  filters  to  store,  one  needs 
an  effective  multiplexing  scheme.  Finally,  a  related  problem  is  that  of  demultiplexing,  or 
addressing  of  the  stored  information.  Several  different  techniques  have  been  developed  to 
address  these  problems. 

Past  work  in  space-var lant  imaging  has  been  described  in  two  excellent  reviews  [3,4]  to 
which  the  reader  is  referred  for  full  details  and  extensive  bibliographies.  In  the  context 
of  digital  image  processing,  space  variant  imaging  has  been  treated  by  Sawchuk  [5],  who  used 
a  coordinate  transformation  technique  to  turn  certain  space- var lant  problems  into 
space- inva r iant  problems,  and  by  Robbins  and  Huang  [5].  An  early  discussion  of  the  problem 
In  optical  processing  terms  was  given  by  Lohmann  and  Paris  [7],  A  considerable  body  of  work 
has  evolved  concerning  the  use  of  holographic  techniques  for  filter  storage  (e.g., 
references  (3|-(10J),  More  recently,  some  new  approaches  have  been  suggested  for 
one-dimensional  or  separable  space-va r lance  [11]  and  for  two-dimensional  space-var iant 
processing  (121. 

In  this  paper  we  describe  three  different  approaches  to  space-var iant  imaging  for  oui 
special  problem  of  digital  logic  interconnections.  The  first  approach  is  a  brute  f >r:a 
technique,  where  a  separate  filter  is  stored  for  each  point  in  the  image.  This 
straightforward  approach  is  identical  in  concept  to  earlier  work  [e.g.  [3])  although  the 
impl emen ta t ion  is  different  and  the  interconnection  problem  is  a  new  context.  Then  we 
introduce  the  concept  of  a  basis  function  approach  which  allows  us  to  considerably  reduce 
the  storage  requirements  for  the  system  [13].  Two  basis  set  approaches  are  discussed.  The 
first  is  very  straightforward  to  implement  but  yields  a  suboptimal  solution  in  terms  of 
reducing  the  information  storage  requirements.  We  finally  discuss  an  approach  that  is 
optimal  in  terms  of  storage  requirements. 

Space-va  riant  imag l nq :  direct  implementation 

As  described  above  we  will  be  discussing  space- var iant  imaging  in  the  context  of 
interconnections  in  a  digital  logic  systems.  Although  the  logic  system  could  be  electronic, 
it  could  also  be  optical.  Since  we  have  been  developing  optical  logic  systems  [14],  we  will 
use  those  systems  as  our  basis  for  discussion. 

Since  again  we  are  dealing  with  a  discrete  and  finite  number  of  object  points,  it  is  a 
simple  matter  to  determine  the  psf  for  each  point  and  store  a  separate  filter  for  each 
point.  This  we  refer  to  as  che  direct  implementation. 

In  this  paper,  when  used  in  the  context  of  an  interconnection  network,  the  terms  gate 
outputs,  object  points,  and  (interconnection  network)  input  nodes  are  synonymous. 
Similarly,  the  terms  gate  inputs,  image  points,  and  output  nodes  are  synonymous.  The  direct 
implementation  of  a  space-var iant  interconnection  network  utilizes  one  multi-faceted 
hologram.  Each  facet,  or  subhologram,  is  used  to  store  one  psf.  A  schematic  diagram  of  the 
optical  system  used  for  the  direct  implementation  is  shown  in  Fig.  2.  First,  the  gate 
outputs  are  imaged  onto  the  interconnection  hologram.  This  hologram  consists  of  an  array  of 
subholograms,  one  subhologram  for  each  gate  output.  Since  the  hologram  is  encoded  in  the 
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Fourier  transform  plane,  a  Fourier  transform  is  taken  optically  to  obtain  the  gate  inputs  in 
the  image  plane.  When  illuminated  by  its  corresponding  gate  output,  a  subhologran  wi . 1 
reconstruct  an  image  consisting  of  a  simple  dot  pattern,  each  bright  dot  illuminating  a  gate 
input.  Because  the  reconstructed  images  can  be  designed  to  illuminate  any  combination  of 
gate  inputs,  arbitrary  interconnections  are  possible.  If  these  interconnection  networks  are 
to  be  used  as  part  of  an  optical  logic  system,  then  the  gate  inputs  can  be  used  as  inputs  to 
a  spatial  light  modulator,  and  the  outputs  of  the  spatial  light  modulator  become  the  gate 
outputs.  As  shown  in  Fig.  2,  the  desired  interconnections  are  formed  in  one  particular 
diffraction  order.  Typically,  a  conjugate  image  will  also  be  produced,  in  which  case  it  can 
be  used  to  probe  the  system  without  affecting  system  operation  or  to  access  the  system 
outputs.  Note  that  because  we  have  a  discrete  array  of  gates  we  were  able  to  form  the 
connections  with  a  discrete  array  of  subholograms,  or  what  is  sometimes  referred  to  as  a 
multi-facet  hologram  (21. 
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where,  in  the  case  of  a  computer-generated  hologram,  p2  is  the  number  of 
in  the  hologram  used  to  represent  one  compl ex- val ued  sample  and  q2  is  a 
the  amount  of  oversampling  in  the  hologram  plane.  Generally  p2>l  because 
values  must  be  encoded  into  the  hologram,  e.g.,  as  real  values.  Also  we 
to  avoid  crosstalk.  It  has  also  been  shown  (141  that  the  minimum  feasibl 
on  the  order  of  100.  The  severity  of  the  storage  requirements  can  be 
that  the  SBWP  is  proportional  to  the  square  of  the  number  of  elements. 
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We  will  now  illustrate  the  direct  implementation  of 
through  the  use  of  a  simple  example.  A  circuit  con 
master-slave  flip-flop  and  a  driving  clock  is  shown  in  Fig. 
implemented  optically  to  demonstrate  the  operation  of  an 
[15].  Since  this  circuit  has  16  gates,  it  can  be  laid  out  a 
the  psfs  onto  the  hologram  is  shown  in  Fig.  4(a),  with  e 
output  that  is  imaged  onto  that  subhologram.  The  array  of  g 
the  spatial  inversion  of  this,  because  of  the  imaging  reiat 
subhologram  is  shown  in  Fig.  4(h),  with  the  ordered  pairs  re 
image  points  that  each  subhologram  addresses.  In  this  ex 
and  therefore  must  have  16  psfs  and  15  subholograms. 
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We  have  generated  a  hologram,  by  computer,  that  implements  the 
and  layout  of  Figs.  3  and  4.  Many  types  of  computer-generated  Fau 
have  been  demonstrated  (16)  and  many  of  them  would  suffice  for  this 
used  a  hologram  of  the  type  proposed  by  Lee  [17]  for  reasons  of 
efficiency,  and  signal-to-noise  ratio  in  the  reconstruction. 

The  hologram  may  be  written  onto  film  using  a  Dicomed  film  reco 
or  may  be  written  onto  photoresist  using  electron-beam  lithography 
write  holograms  with  a  much  larger  space-bandwidth  product.  An  el 
used  to  create  the  hologram  for  this  demonstration  circuit.  The  dev 
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Fig.  3.  Master-slave  flip-flop  and  driving  fig.  4.  Direct  implementation  of  the  inter- 
clock  as  an  example  of  space-variant  connections  of  Fig.  3.  (a;  r.ayout  of 

interconnections.  the  psfs  onto  the  hologram,  (b)  psf 

stored  in  each  subhc logran .  The 
ordered  pairs  represent  the  locations 
of  the  image  points  addressed  (rela¬ 
tive  to  the  subhologram  location' . 

of  0.  125  am  and  has  written  patterns  with  linewidths  as  small  as  0.5dm.  It  writes 
1. 024x1 . 024mm  fields  and  can  stitch  them  together  to  cover  a  maximum  area  of  101x102mm.  The 
device  provides  a  far  greater  space-bandwidth  product  than  was  needed  for  this  demonstration 
c  ircui t . 


One  absorption  and  two  phase  holograms  of  our  demonstration  circuit  were  made.  This 
discussion  will  focus  on  the  phase  holograms,  which  use  surface  relief  of  the  photoresist  to 
obtain  the  optical  path  length  difference.  Figure  5  shows  pictures  of  one  subhoiogram, 
taken  with  a  scanning  electron  microscope  (SEM) .  Figure  5(a)  shows  an  entire  subhologram, 
whose  diameter  is  l.04ram,  and  Fig.  5(b)  shows  a  close-up  of  a  rectangle  edge.  The  lower  and 
right  portions  of  Fig.  5(b)  are  rectangle  interiors,  which  are  just  grass  substrate.  The 
rectangle  exteriors  consist  of  a  layer  of  photoresist  on  top  of  the  substrate.  The 
thickness  of  the  photoresist  is  1.25  urn  and  the  edges  are  inclines  at  approximately  32 
degrees  with  respect  to  the  substrate  normal.  The  pictures  reveal  that  the  photoresist  is 
slightly  rough  near  the  edges  but  is  otherwise  quite  smooth  (except  for  an  occasiona. 
defect).  Defects  are  apparent  on  the  glass  but  are  too  small  to  affect  the  optical  quality. 
Linewidths  down  to  approximately  l  micron  were  obtained. 


fig. 


5. 


Scanning  electron  microscope  pictures  of  a  phase  CGH  that  directly  implements 
the  interconnections  of  Figs.  3  and  4. 
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Defining  efficiency  as  the  p^wer  in  the  desired  reconstruction  pixels  due  t  >  one 

suhh  i :  iq r  in  divided  by  the  pe  we  r  incident  on  that  subh o i oq r am  ,  the  maximum  efficiency  >ver 

subho. 'grams  was  measured  to  be  5%.  The  efficiencies  of  the  other  subholograms  were 
intentionally  reduced  in  order  to  normalize  the  intensities  in  the  reconstruction  punt. 
This  measurement  was  taken  using  an  illumination  'wavelength  of  514.5  nm  which  is  Ciose  ti 
the  optimum  wavelength  for  this  hologram.  Besides  efficiency,  we  must  consider  the  noise 

appearing  in  the  desired  reconstruction  order,  of  which  there  are  three  sources:  (1)  the 

encoding  process  used  to  represent  the  complex-va. ued  function  on  the  hologram,  (2) 
scattering  from  the  photoresist  and  glass  substrate,  and  (3)  the  tail  of  the  (0,0)  order. 
The  pictures  of  Fig.  5  indicate  that  the  contribution  due  to  scattering  should  be  small,  and 
this  is  verified  by  exoeriment.  The  effect  of  the  (0,0)  order  could  be  substantial  with  a 
phase  ho.ogram,  but  can  be  filtered  out  spatially  if  the  location  of  the  limiting  aperture 
is  chosen  appropriately.  This  leaves  the  encoding  process  as  the  major  source  of  noise. 
The  effect  of  the  encoding  process  on  noise  is  discussed  in  Ref. [18].  Measurement  on  lur 
test  hologram  indicate  a  slg na 1- to-no l se  ratio  of  approximately  60. 


Basis  set  apo roach 


The  concept  of  basis  functions  for  space-va r Ian t  processing  has  been  put  forth  by  Marks 
and  Krile  (91  where  a  basis  set  decomposition  was  applied  to  the  input  signal.  In  a  related 
approach,  we  chose  to  look  at  the  space  of  point-spread  functions  which  our  system  must 
implement,  and  then  find  a  basis  set  for  thac  space.  We  assume  that  the  basis  set  will  be 
finite,  e.g.,  for  systems  with  finite  SBWP  and  limited  variation  such  that  a  samp. mg 
theorem  can  be  applied  (19),  or  that  all  elements  of  interest  can  be  adequately  approximated 
with  a  finite  basis  set.  The  impulse  response  at  any  point  is  a  weighted  sum  of  the  r,as:s 
functions.  The  entire  imaging  system  output  is  effectively  a  sum  of  space- invar i an t 
outputs,  one  for  each  basis  element.  The  space-var lance  comes  in  through  the  spatia.iy 
varying  basis  function  coefficients.  Thus,  a  space-var lant  system  can  be  implemented  using 
a  limited  number  '6  filters  without  requiring  any  l sopiana c l c l t y  [13],  The  problems  at  hand 
involve  storing  the  basis  filters  and  encoding  the  basis  function  weighting  coefficients  m 
an  object  plane  mask  such  that  each  coefficient  effectively  sees  only  the  appropriate 
filter.  These  are  essentially  multiplexing/demultiplexing  problems.  Although  there  are 
several  different  multiplexing  schemes  available,  we  have  chosen  to  use  spatial  multiplexing 
of  the  basis  filters  and  spatial  frequency  encoding  of  the  coefficients.  These  techniques 
will  be  described  later. 


At  this  point  the  question  arises  of  how  to  obtain  the  basis  set.  For  the  logic 
circuit  interconnections  there  is  a  simple  technique  which  consists  of  enumerating  the 
unique  psfs  or  interconnection  patterns  and  taking  this  as  the  basis  set.  This  generally 
results  in  a  suboptimal  set.  A  minimum  basis  set  can  also  be  found.  We  discuss  both 
techniques  in  the  following  subsections. 


Fig.  6.  Optical  implementut ion  of  the  basis  set  approach  to  space-variant 

interconnections.  The  second  hologram  stores  the  basis  filters  and 
the  first  hologram  stores  their  coefficients  for  ouch  gate  output. 

The  optical  implementation  of  each  of  these  basis  set  techniques  uses  two  holograms. 
9oth  techniques  are  implemented  via  the  same  optical  system,  which  is  diagrammed 
schematically  in  Fig.  6.  The  basis  functions  are  spatially  multiplexed  onto  the  second 
hologram.  Fach  facet,  or  subhologram,  of  the  second  hoiogr^nt  stores  one  basis  element,  and 
functions  as  a  space- invar lant  filter.  The  first  hologram  is  ols  >  divided  into  an  array  of 
subho log  rams,  one  for  each  gate  output.  Fach  of  these  subh > 1 ag rams  stores  the  weighting 
coefficients  of  the  basis  elements  for  the  corresponding  gate  output. 
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s  ubopt  l  mj  1  bas_lj»  sejt 


In  this  sitp.*  s'.ib-->pt  nai  rase,  iii  rhe  we  i  g  h  1 1  rvg 
if.'  0  except  ‘  >t  -r.a  oefiicient,  which  In  i  vJi  ue 
first  *v>l  ">g  ran  directs  "he  ,  l^ht  from  a  j.ite  >otput 
filters. 

In  this  ease,  the  whip  total  SBWP  of  each  ho.  jnsi  is  ve.h  by  ’.14] 

2  2 

ST  =  p  q  MN  :• 

where  N  i  ;  aqaui  the  number  if  gates  that  are  being  :  re  r  c -nne  t  ted  and  m  is  the  n  meet  .  t 

oasis  e.ements.  p  an  1  q  are  defined  above.  Thjs,  the  SSW?  is  iireot.y  pr  -p  rt:  :u.  t  the 

number  if  elements  in  the  basis  set.  In  the  .  limiting  case  >£  the  number  of  basis  e.-.m-mts 
being  equal  to  the  number  of  gates,  the  SBWP  using  the  basis  set  approach  is  equi,  t  )  the 
SBWP  asmg  the  direct  implementation. 

The  use  rf  the  suboptimal  basis  set  approach  can  be  ill  js*.  rated  using  the  same  example 
that  was  used  in  discussing  the  direct  implement  at i in  ( sh  wn  m  Figs.  3  and  4 ) .  As  shown  :n 

Fig.  4(b>,  there  are  In  psfs  using  the  direct  imp.  emen  t  a  t ;  m .  Some  if  these,  h-wever,  are- 

redundant.  The  psf  that  addresses  (0,-1)  appears  in  three  pieces,  and  the  psf  that 
addresses  (1,0)  appears  in  two  places.  (Mi  other  psfs  are  in  i  que .  t  In  the  suhoptima.  basis 
set  a p p r  '  a  c  h  we  use  a  different  subholmgram  for  each  different  psf,  thus  requiring  13 
subho log r urns  (basis  elements)  instead  of  In.  In  this  case,  three  different  subhoi eg  rams  in 
the  first  hologram  would  address  the  same  (-1,0)  eiement  m  the  second  ha*  eg  ram,  for 
example.  In  many  iarge  circuits  we  expect  this  suboptimal  basis  set  approach  to  provide  a 

significant  reduction  in  the  required  SBWP  of  the  Vu-.gnms  when  compared  to  t.ne  direct 

implementation . 

As  an  example  of  the  application  of  this  appr  iach  to  the  interconnections  in  a  :rg~ 
circuit,  we  consider  the  case  of  the  fast  Fourier  Transform  (FFT)  algorithm.  As  one  minor 
expect,  the  butterfly  structure  seen  in  FFT  signal  flow  graphs  implies  a  high  degree  r 
interconnection  redundancy.  Here,  we  consider  implementing  the  base  2  C  :  o .  ey -7 
algorithm  using  the  suboptimal  basis  set  approach.  We  lay  out  the  circuit  as  the  sigr.a. 
flow  graph  is  typically  drawn  (e.g.  Ref.  (20]),  only  in  piace  of  each  node  we  have  a  b. 
of  gates  which  perform  a  multiply  on  one  of  the  inputs  to  the  block  and  add  the  resu.t 
the  other  input.  In  this  way,  all  the  blocks  can  be  identical.  Let  r  be  the  number 
different  psfs  inside  one  of  these  blocks.  In  the  worst  case,  i.e.,  no  redundancy  f 

interconnections  within  each  block,  r  will  be  equal  to  the  number  of  gates  per  b.'Ck  - . -  •. 

one.  Otherwise,  r  will  be  smaller.  Thus,  we  need  r  psfs  to  represent  the  interconnect:  'ns 
withn  ail  blocks.  In  order  to  connect  the  blocks  (nodes)  to  each  other,  we  note  that  each 
stage  of  the  FFT  requires  only  two  different  psfs.  Since  an  n-pomt  base  2  FFT  algorithm 
has  log2  n stages,  we  need  2  log2  n  psfs  to  connect  ali  the  blocks  to  each  other,  and  thus  the 
total  number  of  psfs  required  is 


coefficients  for  a  given  g  i r 
■f  1.  Thus,  each  subh  .  gram 
"nr  a  ugh  ne  f  the  ta„:  a 


As  stated  i r  - v • 
un i que  gate  intjrc 
pattern  fir  the  fir 
that  pattern  became- 


rt/enient  lun-ptioa. 

n  p  a  *  t  •’  r  n  s  .  T'lu;,  t 
•.  If  cne  sec  n-i  gate 
'n-i  basis  e.ement  i 


i ■ .  e  first 
ha  s  a 
-i  so  'n 


•Ota  i  n  e  U  y  • 
is  e.ement  l 
L e  r  e  n  t  inter 
.  uqn  i . .  the 


■  J 
-  r  : 


c a  nne  :  1 1 
gates  . 


B  =  r  t  2  log^  n  ; , 

where  B  is  the  number  of  elements  in  this  basis  set.  In  this  example,  the  computation  : 
different  stages  is  pipelined  rather  than  done  "in  piace."  Thus,  ali  nodes  (blocks'  m  "he 
signal  flow  graph  are  computed  in  parallel.  For  the  purpose  of  comparison,  we  can  ca.cuiar? 
the  number  of  psfs  that  would  be  required  if  we  were  to  use  the  direct  implementation.  lr. 

this  case  we  need  one  psf  for  each  gate  output.  Let  s  be  the  number  of  gates  per  b.-'ck. 

Since  there  are  n  log2  n  blocks  (nodes) ,  .he  number  of  psfs  required  for  the  direct 
implementation  is 

B  =  s  (n  logjn)  .  s  >  r  ,  ^ 

In  the  case  of  the  FFT  algorithm,  we  thus  see  a  major  reduction  in  the  number  of  psfs,  and 
therefore  in  the  hologram  SBWP  required,  by  going  to  a  basis  set  approach. 

Optimal  basis  set 

The  dimension  of  a  space  spanned  by  a  set  of  vectors  (in  our  case  the  vectors  being  th>- 

desired  psfs),  will  be  equal  tn ,  or  less  than  the  number  of  vectors  in  the  original  set.  A 

basis  set  must  exist  where  the  number  of  basis  elements  is  equal  to  the  dimension  of  the 
space.  Such  a  basis  set  represents  a  minimum  spanning  set  for  the  space  and  as  such  is  m 
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>rt  i  n.tl  basis  set  fr  >n  the  st.indpjmt  >t  having  the  fewest  elements  tv  store.  Given  ■  ;p,c,. 

suatntd  by  a  finite  set  of  desired  psfs,  it  is  possible  to  find  a  (  -.r  thono  rmu ,  )  run  i;v.m 
spanning  set  by  applying  a  Gram-Schmilt  or thono rid l 1 za t ion  procedure  to  the  initial  i-' 

:  1 1  .  If,  however,  one  wishes  to  utilize  an  incoherent  system,  one  has  to  add  a  posi-ivitv 

constraint  when  searching  for  the  spanning  set.  A  positivity  constraint  generally  preCiU-j-'. 
one  from  obtaining  the  minimum  dimension  spanning  set  but  it  still  should  be  pxssib  e  t  - 
reduce  the  number  of  required  basis  elements  from  the  original  number  of  psfs.  Thus"  ’h- 
dimension  of  the  interconnection  space  should  always  be  determined  to  ascertain 
reduction  one  might  obtain  by  searching  for  a  (constrained)  optimal  basis  set. 

The  optical  implementation  of  the  optimal  basis  set  approach  uses  the  same  system  as  m 
the  subopt imal  case  (Fig.  6),  only  the  psfs  are,  in  general,  different.  Th°  GBWP 
requirements  ire  given  by  Eq.  (2),  and  thus  any  reduction  m  the  number  of  psfs  used  as 
compared  to  the  subopt imal  case  is  accompanied  by  a  corresponding  reduction  in  the  F&WP 
requirements  on  the  holograms. 


Table?  1.  Elements  at  of  the  optimal  basis  set 
for  the  interconnections  of  Figs.  3 
and  4.  Notation  for  the  ordered 
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Fig.  7.  Optimal  basis  set  implement  at  ion 

the  interconnections  of  Ki  ;.  3.  '.  v.- 
layout  is  given  in  Fig.  4  ui  an!  •  i;«» 
desired  psfs  are  given  in  i'l  4  .  . 
The  basis  elements  (enumerated  in'iubl  - 
1)  used  for  each  subhologran  a  re  shown. 


We  can  illustrate  the  application  of  the  optimal  basis  set  app:  «,  cl.  with,  again,  i he 
example  of  the  circuit  of  Fig.  3.  Instead  of  merely  eliminating  the  redundant  •.  f 

Fig.  4  (bl  ,  we  define  a  new  set  of  psfs  that  is  the  smallest  set  that  can  be  uv.'!  t  . 
implement.  ali  the  interconnections.  The  resultant  set  of  psfs  is  enumerated  i  n  Tih,v  ’, 
and  the  combination  of  these  basis  set  elements  that  is  used  to  implement  each  of  • n» 
interconnection  patterns  is  shown  in  Fig.  7.  We  see  that  11  psfs  are  required  u.:ni 
optimal  approach.  In  this  particular  example,  the  number  of  elements  of  the  run  jm 
spanning  set  under  the  positivity  constraint  is  the  same  as  that  >f  the  minimum  spinnina  so*, 
without  any  constraints.  (The  set  of  psfs  given  satisfy  the  positivity  constraint,  since 
the  interconnection  patterns  are  formed  by  adding,  but  never  subtracting,  osfs.) 


D l scuss ion 


We  have  discussed  three  methods  of  implementing  space-variant  inter  ronnect  i  an.-.  u  i  :ig 
computer-generated  h  > log  rams.  As  a  means  of  comparing  these  techniques,  we  consider  s •■me 
examples.  One  example,  that  of  the  circuit  of  Fig.  3,  has  been  studied  above.  The  c i r c  :  l ‘ 

consists  of  16  gates.  We  saw  that  a  direct  space- var lant  implementation  of  the 

interconnections  requires  16  psfs,  whereas  the  subopt imal  basis  set  implementation  requires 
13  psfs,  and  the  optimal  basis  set  implementation  further  reduce;;  the  number  if  psfs 

required  to  11.  As  an  example  of  a  large  cir.uit,  we  discussed  the  case  of  the  Cooley-Tuxey 
FFT  algorithm,  and  found  a  major  reduction  m  the  number  of  psfs  required  in  going  from  the 
direct  implementation  to  the  suboptimnl  basis  set  approach.  In  the  optical  case,  no  fin  the; 
reduction  in  the  numher  of  psfs  required  for  the  inter  node  connection;,  will  lie  achieved. 
For  the  interconnections  within  each  node  (block),  the  amount  of  reducri  >n  obtained,  if  any, 
will  depend  on  the  particular  circuit  and  layout  that  is  used  to  implement  the  nuiitij  iy  an! 
add  operations. 

Since  the  gain  obtained  in  each  successively  more  complex  implementation  techntqv  is 
completely  circuit  (and  layout)  dependent,  we  compare  the  results  or  mo  more  exempt'". 
time  we  use  a  practical,  medium-size  circuit  -  that  of  a  4-bit  arithmetic  logic  unit  (tlJ'i, 
manufactured  in  integrated  circuit  form  by  Texas  Instrument-;,  t  yi>">  vim  bet  SN'Me  '■<  ■  (?.']. 
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Fir  b  jiven  circuit  ind  a  given  nyout,  the  reduction  in  the  SBWP  obtained  in  jomg 
frem  a  direct  implementation  to  the  suboptimai  basis  set  appr  ijch  can  be  ascertained  fair./ 
easily  by  enumerating  the  psfs  and  counting  the  redundancies.  We  expect  that  fir  large 
circuits,  the  reduction  in  many  cases  will  be  significant  (as  in  the  ALU  example) ,  and  m 
some  cases  will  be  dramatic  (as  m  the  TFT  example).  Whether  the  optimal  basis  set  approach 
will  provide  a  significant  reduction  over  the  suboptimai  approach  is  not  so  easily  answered. 
Examples  :an  be  cone. acted  in  which  the  optimal  basis  set  is  considerably  smaller  than  the 
suboptimai  basis  set,  but  in  the  examples  considered  m  this  paper  >niy  minor  reductions 
were  obtained. 


C oncl u  sion 


In  conclusion,  we  have  discussed  three  methods  of  implementing  space-variant 
interconnections  in  optical  logic  processors  via  computer-generated  holograms.  The  first 
method  is  a  direct  implementation  that  is  conceptually  simple  but  inefficient  in  terms  of 
SBWP  utilization  of  the  hologram.  The  second  method  is  a  suboptimai  basis  set  approach  that 
utilizes  redundancies  in  the  interconnection  patterns  to  reduce  the  SBWP  requirements.  It 
is  relatively  easy  to  implement  and,  depending  on  the  circuit  and  its  layout,  can  make 
significantly  better  use  of  the  hologram  SBWP.  Finally,  the  suboptimai  basis  set  can  be 
optimized.  This  technique  is  significantly  more  difficult  to  implement  at  this  point  but 
does  minimize  the  SBWP  of  the  holograms  given  the  basis  set  approach. 
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this  paper  ujfu  »vm>  L';tijr\  digital  computing  > v*icm<  in  whuh 
the  nriumjt'on-ijrn.:!'*  medium  et'trrl .  or  pnmjnlv  ut 

ptHjton*  (he  p.iuer  L’rg>ns  with  j  euew  ot  analog.  discrete  ,tnd 
hmar\  method*  of  mpie^enting  information  m  a  computer.  fol¬ 
lowed  b\  j  stir\e\  of  many  \cnnique*  for  implementing  hmarv 
,  ombinjtOfji  md  "t'uuenral  'Ogic  tutu  t:on*  with  .ndiudu.il  optical 
deuces  und  airj\'>  of  Jcute <.  V<**f  is  a  Ji<cu»ion  of  communica¬ 
tion  interconnection  a r'd  nout-output  pu 'Diems  \jt  digital  elcc- 
horn  j nd  optical  Komnutt  f*  at  "h*  gitc.  •.  hip ,  and  proiO^or  ie\el 
\  particular  irchitei  tjir  ‘or  immenumr-ng  gcnor.it  sequential  opti¬ 
ca  I  -ug>c  y\stcms  intiudng  digdal  optuji  proce**ois  />  dO'crihed. 
this  architecture  jvo  as  'Cme  jf  the  interconnection  problems  ot 
electronic  integrated  ^rcuits  ina  MSI  >v*>Trrm  j  nd  otter*  rhe 
potential  ot  non  ,cn  Seumjnn  parallel  digital  processors  Fmjltv. 
the  k.  urroni  limitations  and  ' uture  needs  ot  optical  logic  de wers  and 
digdai  optical  computing  astern 5  are  outlined. 

\.  Introduction 

Over  ;he  last  Nventv  years  there  has  been  considerable 
research  effort  in  the  general  area  of  information  processing 
bv  optical  techniques  [  1  ]— [S].  More  recently,  the  term  opti¬ 
cal  computing  has  been  applied  to  parts  of  this  work.  We 
define  optical  computing  as  'the  use  of  optical  systems  to 
perform  numerical  computations  on  one-dimensional  or 
multidimensional  data  that  are  generally  not  images."  In  a 
broad  sense,  optical  computing  could  include  systems  that 
use  optics  to  form  images  (the  most  common  application  of 
optical  components  and  systems)  or  even  the  use  of  a 
computer  to  design,  simulate,  or  analyze  optical  systems. 

There  are  manv  potential  advantages  of  optical  comput¬ 
ing  systems,  and  also  many  disadvantages.  Optical  systems 
can  have  high  space-bandwidth  and  time-bandwidth 
products;  hence,  many  independent  channels  (degrees  of 
freedom)  that  could  be  exploited  for  demanding  computa¬ 
tions  Optical  processors  are  inherently  two-dimensional 
and  parallel.  Optical  signals  can  propagate  through  each 
other  m  separate  channels  with  essentially  no  interaction, 
and  can  propagate  in  parallel  channels  without  interference 
and  crosstalk.  Optical  signals  can  also  interact  on  a  subpico¬ 
second  time  scale  via  an  intermediary  medium,  offering  the 
potential  for  high  throughput.  In  addition,  optical  systems 
may  be  cheaper  than  equivalent  digital  systems  for  certain 
signal  processing  applications.  As  described  later  in  this 
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paper,  these  advantages  have  very  promising  mi,  .  ,■ 
for  manv  traditional  signal  processing  problems  m 
digital  electronic  hardware  is  inadequate  Some  i- 
digital  computing  that  currently  overburden  existing 

nologtes  include  image  processing,  radar  signal  pro . 

image  analysis,  machine  vision,  and  artificial  mt>  lie  - 
This  paper  discusses  these  advantages  in  detail  a'ong  •. 
disadvantages  and  limitations  of  various  optu  al  mo. pc' 
methods. 

The  eventual  goal  of  the  work  described  Ivie  ,y  ■ 
perform  binary  digital  computing  with  optical  systems  ■ 
ing  photons  as  the  primary  mformation-carrvmg  rrediun 
avoiding  electronic  logic,  and  having  as  few  photon--'-1'  - 
tron  and  electron-photon  conversions  as  pcss.ble.  We 
to  such  systems  as  digital  optical  processors  tDCPs! 
though  DOPs  may  never  be  as  universal  in  their  application 
as  electronic  digital  computers,  we  will  describe  res-m- .  i 
results  and  design  concepts  for  DOPs  that  are  programmes 
ble  and  reconfigurable  to  be  usable  in  a  large  .ar'ctv 
optical  computing  applications. 

This  paper  is  intended  as  a  review  of  the  current  -ta"-  .  t 
the  art  in  digital  optical  computing,  with  the  employ. s  ■  n 
recent  work  at  USC.  Section  II  reviews  previous  wed  on 
optical  computing  with  analog  and  multilevel  processors 
Some  advantages  and  limitations  of  these  systems  am  give 
Section  III  discusses  individual  binary  logic  deur-.  s  tgat  -■ 
and  arrays  of  devices  needed  for  DOPs  We  make  a 
parison  with  electronic  digital  devices  and  integrated  cpt  -  - 
We  describe  several  techniques  for  achieving  op:  . 
combinatorial  binary  logic  functions.  Section  IV  is  concern-  : 
with  communications  and  input-output  problems  of  dig  '  i 
processors,  both  within  the  processor  (on-chip)  and  arv-  m 
various  processors  (off-chip).  Recent  icsearch  on  a  sequen¬ 
tial  optical  digital  processor  with  a  non  von  Neumann 
free-interconnection  architecture  is  described.  Section 
describes  new  types  of  computing  architectures  and  algo¬ 
rithms  made  possible  with  optical  processors.  Section  . : 
describes  physical  and  technological  limitations  of  elec 
ironic  and  optical  computers.  Section  VII  briefly  discu.---> 
future  needs  of  optical  computers. 

II.  Optical  Computing  p  -log  and  Multilevel 
Techniques 

In  this  section,  we  briefly  review  analog  and  multilevel 
optical  computing.  This  short  review  is  not  intended  to 
an  exhaustive  account  of  past  research  and  the  read.’'  .y 
referred  to  the  literature  for  more  complete  surveys  1 3 )  - 1  . ; 
The  paper  by  )ahns  [10]  has  particularly  good  examples  licit 
compare  analog,  multilevel,  and  binary  arithmetic  and  j.- ■: 
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discus-ex  fradeoirs  in  ■  omputalum.il  a.  .  urat v  vitsu1-  paral¬ 
lel. xm  and  other  tat  tors. 

A  Optical  Analog  Computing 

We  tan  Ihmk  ot  a  general  vomputaion  as  an  operation. 
0,  applied  to  a  set  of  input  functions,  /./  =  1.  \  to 

produce  a  set  ot  output  functions,  g  .  =  1.-  M  m  the 
form 

tf['(0.  ■.'(<). 

-  [si(r).---.s,(y)  (’J 

Here  »  and  y  are  the  sets  of  independent  variables  associ¬ 
ated  with  the  input  and  output  functions,  respectively 

We  detnie  an  analog  system  as  one  wnere  the  dependent 
variables  f,  and  gt  can  assume  any  of  a  continuum  of 
values.  If  the  dependent  variables  are  restricted  to  a  specific 
set  of  discrete  values,  the  system  will  be  called  digital.  The 
independent  variables  x  and  y  can,  of  course,  also  be 
analog  in  that  they  may  take  on  any  one  of  a  continuum  of 
values,  in  which  case  the  system  will  be  referred  to  as 
continuous.  It  only  discrete  values  ot  the  independent 
variables  are  allowed,  we  say  that  the  svstem  is  sampled. 

Historically,  most  ot  the  work  in  op'ical  computing  has 
been  in  the  analog,  continuous  domain  Typically,  m  optical 
svstems,  the  dependent  variables  are  either  complex  ampli¬ 
tudes  or  intensities  In  order  to  utilize  ’he  parallel  process¬ 
ing  capabilities  of  optics,  the  independent  variables  are 
generally  two  orthogonal  spatial  coordinates.  The  simplest 
and  most  common  example  of  this  type  of  common  opera¬ 
tion  is  optical  imaging  where  a  two-dimensional  intensity 
(or  amplitude)  pattern  is  in  essence  transmitted  from  one 
location  in  space  to  another.  Operations  of  the  analog, 
continuous  variety  have  been  widely  developed  over  the 
last  twenty  years.  There  exists  a  fairly  well-defined  reper¬ 
toire  of  operations  which  can  be  performed,  including  such 
important  operations  as  addition,  subtraction,  and  multipli¬ 
cation  of  images,  two-dimensional  Fourier  transformation, 
correlation,  convolution,  and  other  operations  derivable 
fiom  these.  For  a  further  exposition  of  these  operations  the 
interested  reader  is  referred  to  the  literature  [1],  [3]-(6j,  [9], 
P0|. 

There  are  four  major  drawbacks  to  optical  analog  process¬ 
ing  These  drawbacks  are  limited  flexibilitv,  noise  accumula¬ 
tion,  deterministic  noise,  and  input-output  device  lim¬ 
itations.  The  first  three  problems  are  peculiar  to  analog 
systems  and  can  be  circumvented  by  going  to  a  digital 
system.  The  problem  of  devices  is  shared  with  both  analog 
and  digital  systems  although  the  constraints  are  very  differ¬ 
ent  in  the  two  cases.  In  the  following,  we  will  briefly 
expand  upon  these  problems  of  analog  systems  to  em¬ 
phasize  the  interest  in  developing  DOPs.  The  first  difficulty 
is  the  limited  flexibility  provided  by  the  available  optical 
analog  computing  software  [6],  [9],  [11],  As  mentioned  above, 
the  available  operations  are  primarily  some  simple  arith¬ 
metic  operations  and  Fourier  transformation.  These  are  cer¬ 
tainly  powerful  operations,  and  particularly  in  the  case  of 
the  Fourier  transformation,  have  much  higher  throughputs 
in  optical  implementations  than  is  possible  electronically. 
Flowever,  these  operations  are  inadequate  for  many  desir¬ 
able  computations.  Although  considerable  work  is  being 
done  to  extend  the  range  of  available  operations  (see  for 
example  [3])  the  extensions  will  not  leaf)  to  the  general 


processing  capabilities  jv.ni.ible  with  digil  il  -v-t.  m 
llexibility  ol  digital  systems  i-  .t  inj|<>r  ‘ji  tor  t  <  * . n .« j  1  . 
interest  in  developing  digital  opts*  al  computing  ’•  <  - 

The  second  ma|or  drawback  associated  with  opt,,  ji  ,,  , 
log  systems  is  then  noise  -yu  ept.bilitv  Although  ■  t ..  i  i-- 
advantages  of  a  digital  system  over  an  analog  -  / 

perhaps  intuitively  apparent,  the  following  discuss.* in 
sides  a  more  quantitative  comparison  It  also  pomis  . j. j r  -n  a 
the  important  consideration  is  noise  propagation  throng1'  > 
*ascade  of  operations  rather  than  noise  in  a  -ingle  ■>pe>.i 
tion 

We  wish  to  compare  two  equivalent  (sampled)  systems 
one  analog  and  one  digital.  The  basic  unit  of  the  analog 
system  is  shown  in  Fig.  1  It  consists  of  an  amplitice  a<Hi - 
tive  noise  n,  and  a  quantizer  Q  The  basic  unit  ran  be 
cascaded  into  a  multistage  unit  as  shown  in  f  ig  2  Hem  rtie 


Fig.  1.  Sasic  unit  of  an  analog  vy-tem  C.  >s  a  gam  and  <2  "> 
a  quantizer. 


Fig.  2.  Cascade  of  basic  analog  svstem  units  shown  m 
Fig.  1. 

x/s  and  y,' s  represent  signal  amplitudes.  The  amplification 
operation  was  chosen  because  it  is  the  simplest  operation 
one  might  utilize  In  terms  of  optical  svstems,  this  could  be 
a  model  of  an  ideal  imaging  syslem.  We  want  to  studv  the 
effects  of  noise  in  this  cascaded  system  We  assume  that 
the  gain  C,  is  unity  for  all  amplifiers.  All  the  noise  contribu¬ 
tions  are  assumed  identically  distribuled  Gaussian  random 
variables  which  are  mutually  independent  Finally,  the  out¬ 
put  of  the  quantizer  y,  is  defined  as 

y,  -  *0.  if  I*,  -  *0|  <  Sx,  1, -•-,/,•••,  N.  [2) 

We  will  not  explicitly  define  Q  oulside  the  region  defined 
by  the  quantization  step  Sx,  but  merely  state  that  O  a.b 
like  a  quantizer  function.  Without  loss  of  generality,  the 
initial  input  is  assumed  lo  be  quantized  to  a  positive  value 
x q  which  is  >  Sx.  Note  that  in  the  system  of  Figs  1  and  ?. 
Q  essentially  acts  as  a  measurement  device  which  does  not 
affect  the  value  transmitted  from  one  stage  to  the  next 
With  this  arrangement 

x,  -  X,  +  n,  (3; 

where 

n,  -  Yj  n  -  n  ■  i.  (4) 

4-  I 

Since  the  n,  are  assumed  mutually  independent,  the  proba¬ 
bility  density  function  (PDF)  of  n:,  denoted  by  p(  n  ,).  ,s  the 


SAWCNUK  ANDM*AND  DlC»fAl  OPTlCAl  COMPUTING 


th  order  convolution  of  the  PDF  of  n  in  the  form 
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p(n  )  -  p(n)Qp{n)Q  ■  ■  ■  Qp(n)  (5) 


“  p(  n)  0  (6) 


where  Q  denotes  convolution  Gw.-e  that  p(n)  is 
sun  w.th  variance  e-  then  pin  )  is  also  Gaussian 

Gaus- 

with 

V  M  cJH  i.* 

o-  -  ro0- 

(2) 

In  this  case,  the  prooabilitv  of  one  or  more  of  the  y,  outputs 
m  the  analog  system  being  incorrect  (*  x0)  is  given  by 

P*  -1  -  n[2erf(z,)] 

(8) 

where 

z  -  Sx/a  -  8x/{  i'/:a0) 

(9) 

and 

erf(f)-(2ir)  'n  f  e~r*/2  dr. 

(10) 

'0 


The  function  erf  (t)  varies  from  zero  to  0.5  as  t  varies  from 
zero  to  infinity  Thus  as  N  increases,  PA  approaches  unity, 
implying  that  an  error  becomes  a  near  certainty. 

For  the  digital  case,  the  system  is  very  similar — the  only 
difference  being  that  the  quantizer  Q  acts  on  the  value 
being  transmitted  from  one  stage  to  the  next.  This  is  shown 
m  Figs  3  and  4.  Where  the  quantizer  funtion  output  y,  i  — 
1 ,  •  • ,  N  is  both  measured  or  observed  and  passed  on  to  the 
next  stage  In  order  to  calculate  the  probability  of  getting 


Fig.  3.  Basic  unit  of  a  digital  system  C,  is  a  gain  and  Q  is  a 
quantizer 


Fig.  4.  Cascade  of  basic  digital  system  units  shown  in 
fig  3 


one  or  more  errors  as  above,  we  first  find  the  complemen¬ 
tary  probability  of  no  errors.  In  computing  this  we  note  that 
when  there  are  no  errors  the  value  x,  at  the  input  of  the  rth 
quantizer  stage  is  xn,  the  correct  value.  Thus  the  rth  stage 
looks  just  like  the  first  stage  and  all  stages  individually  have 
the  same  error  probability  This  is  another  way  of  saying 
that  errors  do  not  accumulate  in  a  cascaded  digital  system 
as  they  do  in  a  cascaded  analog  system  From  this  it  can  be 
shown  that  the  probability  of  making  one  or  more  errors  in 
the  digital  system  is 

P0-  1  -  n[;erf<z,)j  -  I  -  [2  erf  (z,)j  N  (11) 

»  -  I 

with 

z,  -  5 </ o0  (12) 


Comparing  (11)  with  (6)  and  noting  hat 

0  ^  erf  (z.)  «  erf  (z,),  1  N  (13) 

we  conclude  that  the  probability  of  making  an  error  is 
much  greater  for  the  analog  case  tn.in  for  the  digital  case 

The  above  result  for  digital  systems  can  be  easily  ex¬ 
tended  to  general  computations  .vhich  might  be  <  har- 
actenzed  as  having  M  parallel  channels,  each  with  N  stages. 
Since  errors  do  not  accumulate  in  cascaded  digital  systems, 
the  probability  of  no  errors  occurring  depends  only  upon 
the  total  number  of  stages  involved,  ,  the  product  N  x  M, 
not  on  the  relative  sizes  of  N  and  vt  (assuming  the  quan¬ 
tizer  and  noise  properties  are  indeoendent  of  the  relative 
sizes  of  N  and  A4). 

For  the  sampled  analog  case,  the  tradeoff  between  the 
number  of  channels  and  the  number  of  stages  per  channel 
is  not  so  clear.  However,  the  fact  that  errors  accumulate  in  a 
cascaded  analog  system  would  seem  to  favor  a  system  that 
reduces  the  cascading. 

The  third  problem  with  analog  svstems  is  one  of  de¬ 
terministic  noise  or  approximation  error  In  older  to  per¬ 
form  a  given  operation  it  is  necessary  to  configure  an 
analog  system  with  the  appropriate  'esponse  (unction  This 
response  function  is  invariably  an  approximation  to  the 
desired  function.  For  example,  the  simple  process  of  ampli¬ 
fication  is  obtained  by  a  device  whose  response  can  only  be 
(approximately)  linear  over  a  finite  'ange.  A  digital  system 
may  also  only  approximate  a  desired  function,  but  in  this 
case  the  accuracy  and  the  valid  range  of  the  approximation 
can  be  set  at  any  desired  level. 

The  final  problem  with  analog  systems  is  the  lack  of 
adequate  devices.  The  primary  goals  in  developing  analog 
devices,  either  optical  or  electronic,  are  high  speed,  high 
accuracy,  and  good  repeatability  For  optical  systems  one 
generally  wants  to  exploit  parallel  processing  In  this  case, 
additional  important  device  parame’ers  are  space-band¬ 
width  product  (5BWP),  which  determines  how  many  chan¬ 
nels  can  be  processed  in  parallel,  and  uniformity.  Smg'e- 
channel  devices  are  generally  difficult  to  develop  with  the 
desired  characteristics,  especially  accuracy  and  repeatability, 
and  the  difficulty  in  general  increases  rapidly  with  the 
SBWP  for  multichannel  devices. 

As  mentioned  at  the  beginning  of  :his  section,  the  prob¬ 
lems  of  flexibility,  of  stochastic  noise,  and  of  deterministic 
noise  can  be  circumvented  by  going  to  digital  systems  Abo 
as  will  be  discussed  in  Section  III,  the  device  requirements 
are  easier  to  meet  for  binary  digital  devices  than  for  analog 
devices.  These  are  the  basic  reasons  for  the  interest  in 
optical  digital  computing 

One  might  include  limited  accuraev  or  dynamic  rang'*  m 
a  list  of  problems  associated  with  anaog  systems  and  point 
out  that  digital  systems  are  not  limited  in  this  respect 
However,  one  should  realize  that  the  nigh  accuracy  or  large 
dynamic  range  of  a  digital  system  is  achieved  hv  encoding 
the  problem  onto  multiple  channels  fins  concept  can  also 
be  applied  to  analog  svstems  although  the  methodology  is 
not  as  well  developed  as  it  is  for  digital  systems  One 
simple  example  of  an  analog  system  which  uses  multiple 
channels  to  increase  the  usable  dynamic  range  is  described 
by  Goodman  and  Strubm  [12]  Another  example  is  an  opti¬ 
cal  Fouriet  transform  system  where  sp  ice-bandwidth  prod¬ 
uct  in  one  domain  can  be  traded  for  dynamic  range  in  the 
transform  domain 

Before  proceeding  to  a  discussion  ol  digital  optical 
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processing  work,  there  is  one  area  of  optical  analog  com¬ 
peting  which  deserves  mention  here.  There  has  been  con¬ 
siderable  interest  in  the  past  decade  in  optical  systems 
which  incorporate  feedback  (see,  for  example,  (13]).  This 
work  is  of  interest  for  two  reasons.  First  of  all,  it  is  utilized 
to  overcome  some  of  the  drawbacks  of  analog  systems, 
particularly  dynamic  range  and  accuracy  limitations  and  also 
some  of  the  flexibility  limitations  Secondly,  feedback  has 
been  applied  to  sampled  analog  systems  to  improve  their 
accuracy  in  vector-matrix  computations  [14]-{17].  Finally, 
feedback  has  been  utilized  to  achieve  binary  optical  switch¬ 
ing  devices  and  bistable  devices.  Some  details  of  feedback 
systems  for  these  applications  are  given  in  Section  III. 

8.  Optical  Discrete  Multilevel  Computing 

Another  approach  to  optical  computing  is  to  perform 
computations  with  data  stored  as  a  set  of  two  or  more 
discrete  numerical  values.  The  most  significant  example  of 
this  technique  is  in  optical  residue  arithmetic  processors 
Residue  optical  processors  rely  on  encoding  the  sampled 
and  quantized  data  and  performing  arithmetic  operations  in 
a  residue  number  system  The  residue  number  system  is 
based  on  a  /C-tuple  of  integers  (m,,-  ■  ■ ,  mK),  each  of  which 
is  called  a  modulus.  The  moduli  are  integers  of  any  size  and 
must  have  no  common  factors  (i  e  ,  they  must  be  relatively 
prime).  A  number  in  a  residue  processor  must  be  scaled  to 
be  a  nonnegative  integer  x  satisfying 

0  x  <  |  fl  -  1  (14) 

to  be  uniquely  represented,  thus  (14)  defines  the  effective 
dynamic  range  of  the  processor.  The  number  x  is  actually 
stored  as  a  set  of  residues  (or  remainders)  (<",,••  -,rK)  de¬ 
fined  by 

rk  ”  [*]m,  -  x  mod  mk,  Ac  —  1 , -  -  - ,  AC  (15) 

where  rk  denotes  the  least  positive  integer  remainder  of  the 
division  of  x  by  mk.  Thus  each  of  the  rk  also  satisfies 

0  ^  rk  <  mk  -  1.  (16) 

The  basic  integer  arithmetic  operations  of  addition,  subtrac¬ 
tion,  and  multiplication  of  two  numbers  x  and  y  are  per¬ 
formed  according  to 

l**  V]m,  -  [[*]«.,  •[)')».,],„,  (17) 

for  each  of  the  K  moduli,  where  •  represents  either  +  , 
or  X  Thus  K  parallel  operators  in  modular  arithmetic  are 
performed  over  the  K  different  moduli 
Residue  arithmetic  can  be  illustrated  with  the  following 
example  for  the  addition  of  78  and  35.  Choose  three  moduli 
as  5,  7.  and  9  Their  product  is  315,  thus  the  calculations  are 
unique  only  between  0  and  314.  We  arrange  the  residues  as 
follows 


5 

7 

9 

78 

3 

1 

~6 

+  35 

0 

0 

8 

113 

3 

1 

~S 

Here  78  is  converted  to  the  3-tuple  (^,  1,6)  in  the  residue 
>'-'*nm,  and  35  is  converted  to  (0,0.8)  Each  column  of 
moduli  are  independently  added  in  modular  fashion  As  a 
check,  the  result  of  113  can  be  expressed  by  the  unique 
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3-tuple  (3, 1, 5).  The  conversion  of  a  set  of  moduli  back  to  a 
decimal  representation  is  somewhat  involved  and  will  not 
be  treated  in  detail.  There  are  two  basic  procedures  the 
Chinese  Remainder  Theorem  and  the  Mixed  Radix  tech¬ 
nique  [18]— [20] 

An  important  feature  of  residue  arithmetic  in  comparison 
to  binary  or  decimal  arithmetic  is  that  no  carries  occur 
between  computations  in  the  various  bases  Thus  all  modu¬ 
lar  computations  can  take  place  in  parallel  without  waiting 
for  previous  computations  and  their  inherent  propagation 
delay.  The  drawback  of  residue  processing  is  that  the  input 
data  (analog  or  binary  digital)  must  be  converted  to  residue 
form,  and  that  the  output  residue  must  also  be  decoded. 
Division  of  two  numbers  is  also  a  problem  because  the 
quotient  may  not  be  an  integer  and  thus  may  not  have  a 
residue  representation.  All  input  data  and  arithmetic  results 
must  be  scaled  to  be  in  the  dynamic  range  of  the  processor 
Because  the  residue  representation  is  cyclic,  any  number 
that  is  generated  which  lies  outside  the  dynamic  range  will 
"wrap  around"  and  produce  errors.  Other  difficulties  are 
that  sign  testing  or  relative  magnitude  comparisons  cannot 
be  easily  accomplished  without  conversion  to  decimal  or 
binary  form.  Thus  conditional  tests  on  intermediate  results 
are  difficult.  Although  these  problems  are  not  easy  to  solve, 
several  theoretical  and  experimental  residue-based  proc- 
essors  have  been  described  which  we  now  review 

Several  different  types  of  pnysical  phenomena  have  been 
proposed  for  the  implementation  of  residue  processors 
These  phenomena  must  have  a  relatively  small  number  of 
discrete  repeatable  levels  equal  to  the  maximum  of  the 
moduli  chosen.  Two  major  techniques  are  used  table 
lookup  of  results  based  on  input  operands,  and  the  use  of 
phase,  polarization,  and  spatial  position  in  circumstances 
where  they  provide  an  inherent  cyclic  response  characteris¬ 
tic.  Particular  hardware  realizations  include  coherent  opti¬ 
cal,  electrooptical,  and  integrated-optical  methods. 

Huang  [21]  proposed  several  electrooptical  techniques  for 
residue  encoding,  processing,  and  decoding  based  on  es  c  lie 
optical  polarization  and  phase  phenomena.  Collins  [22]  de¬ 
scribed  a  residue  processor  based  on  a  liquid-crystal  spatial 
light  modulator  (SLM).  In  this  system,  arithmetic  is  per¬ 
formed  by  repeated  accumulation  of  polarization  rotations 
(differential  phase  delays)  in  the  birefringent  SLM  Addi¬ 
tional  related  work  in  this  area  was  described  by  Collins  ct 
al  [23],  [24],  Psaltis  and  Casasent  [25]  described  systems  for 
decimal-to-residue  conversion,  residue  processing,  and  re- 
sidue-to-decimal  conversion  in  which  numerical  values  are 
represented  by  spatial  position.  The  processors  contain  mul¬ 
tiple  diffraction  gratings  and  rely  on  the  cyclic  nature  of  the 
coherent  diffraction  patterns  of  the  gratings 

Horrigan  and  Stoner  [26]  described  a  number  of  cyclic 
and  lookup  table  residue  processors  based  on  various  elec¬ 
trooptical  technologies  The  comprehensive  paper  by  Huang 
ef  a/  [27]  concentrates  on  table  lookup  techniques  foi 
residue  processing  and  describes  details  of  an  optical  re 
sidue  matrix-vector  multiplier.  In  this  paper,  the  primary 
method  of  numerical  encoding  is  spatial  position  Both 
etcctrooptics  and  integrated-optics  technologies  are  consid¬ 
ered.  The  paper  also  contains  estimates  of  processing  speed 
and  hardware  complexity  Additional  details  of  the  processor 
and  descriptions  of  a  system  for  binary  input  and  output  are 
contained  in  [28]  Tai  ct  al  [29]  described  a  lesidue  processor 
based  on  integrated-optics  directional  coupler  waveguide 
switches  The  programmable  system  relies  on  a  -patial  post 
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non  representation  of  numerical  values  and  table  lookup 
processing  Guest  and  Gaylord  [30]  have  described  a  coher 
ent  optical  lookup  table  numerical  processor  for  binary  or 
residue  computing  that  uses  content  addressable  optical 
holographic  memories 

It  is  interesting  to  note  that  residue  computations  have 
been  used  in  electronic  digital  systems  for  fast  numerical 
computations.  Hughes  Research  Laboratories  has  built  a 
system  called  RADIUS  (residue  arithmetic  digital  image 
understanding  system)  that  performs  a  5  x  5  pixel  gener¬ 
alized  convolution  operation  of  the  form 

ym,'Lf,(x .)  O3) 

i-i 

on  raster  image  data  [31],  [32].  Here  y  is  an  8-bit  output 
pixel,  x,  represents  8-bit  input  pixels  in  the  5  X  5  kernel, 
and  f,  represents  a  polynomial  function  of  the  correspond¬ 
ing  Each  f,  is  arbitrary  and  independently  programmable 
to  produce  one-  or  two-dimensional  convolution  opera¬ 
tions  or  transforms.  The  system  operates  at  rates  to  10 
Mbits/s  and  interfaces  to  standard  computer  buses  such  as 
UNIBUS™.  All  numerical  computations  are  performed  by 
residue  arithmetic  using  the  bases  31,  29,  23,  and  19.  which 
are  the  four  largest  primes  less  than  25  *•  32.  This  allows  the 
additions  and  multiplications  to  be  done  by  table  lookup  of 
residues  for  each  base  in  random-access  memories  with  32 
locations  and  5 ‘stored  bits  per  location.  Conversion  from 
binary-to-residue  and  from  residue-to-binary  (via  the 
mixed-radix  method)  is  also  accomplished  using  table 
lookup.  The  high  speed  of  the  processor  is  possible  because 
of  the  table  lookup  arithmetic. 

Accuracy  and  noise  immunity  remain  an  important  issue 
in  multilevel  systems,  since  the  signals  must  maintain  an  . 
adequate  srgnal-to-noise  ratio  (SNR)  to  be  able  to  unam¬ 
biguously  distinguish  the  different  allowable  levels  [10]. 
Thus  the  transducers  in  a  multilevel  system  must  have  good 
SNR  characteristics  and  perhaps  more  importantly,  must  be 
immune  to  variation  m  the  bias  and  gain  parameters  of  the 
input-output  characteristics. 

III.  Binary  Digital  LOGIC 

Although  the  multilevel  residue  systems  described  in  the 
preceding  sections  offer  several  advantages  over  analog 
systems,  they  still  suffer  from  some  of  the  same  shortcom¬ 
ings.  In  this  section,  we  concentrate  on  various  techniques 
for  binary  optical  logic  that  have  been  proposed  over  the 
past  few  years  and  describe  current  work  at  U5C  and 
elsewhere  on  developing  and  extending  this  technology  to 
arrays  of  devices  and  items  Section  III -A  begins  with  a 
discussion  of  the  advantages  of  binary  optical  logic  and  the 
requirements  necessary  for  any  binary  logic  technology  to 
be  effective  in  computing  systems.  We  also  refer  to  prob¬ 
lems  in  interconnection,  communication,  and  architecture 
as  discussed  later  in  this  paper.  Section  lll-B  briefly  de¬ 
scribes  current  technology  in  integrated  optics  binary  logic 
and  switching  Section  lll-C  discusses  binary  optical  combi¬ 
natorial  logic  devices  and  arrays.  Sections  lll-D  and  III -E 
summarize  USC  work  on  combinatorial  logic  with  liquid- 
crystal  light  valves  (LCLVs)  and  variable  grating  mode  (VGM) 
liquid-crystal  devices,  respectively,  as  the  nonlinear 
thresholding  element  Finally,  Section  lll-F  describes  de¬ 
vices  that  combine  a  thresholding  element  with  electronic 
or  optical  feedback  to  achieve  bistability  (memory) 
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A.  Advantages  and  Needs  of  Binary  Processors 

A  wide  variety  of  physical  phenomena  have  been 
proposed  and  utilized  to  implement  binary  logic,  memory, 
and  computational  systems.  At  the  fundamental  device  level, 
all  these  phenomena  have  similar  characteristic  curves  ihat 
describe  the  input-output  relationships  of  the  device  In 
this  subsection,  we  examine  these  fundamental  properties 
and  describe  important  parameters  to  be  considered  in 
binary  computing  technology 
Binary  digital  combinatorial  logic  functions  can  be  imple¬ 
mented  optically  using  a  point  nonlinear  function.  The 
general  techniques  used  for  each  logic  gate  are  illustrated 
in  Figs.  5  and  6.  The  two  binary  input  lines  to  the  gate  are 


INPUT  2 


Fig.  5.  Implementation  of  a  two-input  binary  logic  gate 


Fig.  6.  Nonlmearities  for  implementation  of  two-input 
binary  logic  operations. 

summed  to  yield  a  single  three-level  signal  whose  value  is 
equal  to  the  number  of  input  lines  with  binary  value  1.  This 
signal  then  goes  to  the  nonlinear  function  which  produces 
a  binary  output.  In  an  optical  implementation,  the  binary 
value  0  is  represented  by  a  low  intensity  and  the  value  1  is 
represented  by  a  high  intensity.  The  addition  can  be  accom¬ 
plished  by  optically  superimposing  the  signals  on  the  input 
lines  With  a  detector  that  integrates  the  signal  over  the 
input  spot,  this  can  have  the  effect  of  adding  the  intensity 
levels  regardless  of  the  coherence  properties  of  the  light. 

There  are  16  different  possible  binary  functions  of  two 
binary  inputs,  8  of  these  are  commutative  functions  Possi¬ 
ble  choices  of  the  nonlinear  functions  for  some  common 
commutative  logic  operations  are  shown  in  fig  0  Note  that 
the  nonlinear  functions  consist  ideally  of  thresholds  located 
at  various  input  values.  The  remaining  8  binary  logic  func¬ 
tions  that  are  not  commutative  require  the  ability  to  dis¬ 
tinguish  between  the  two  binary  inputs  Several  methods  of 
implementing  these  noncommutative  functions  are  given  in 
[33] 

This  basic  principle  tor  implementing  logic  functions  can 
be  extended  to  N-mput  gates  as  shown  in  Figs.  7  and  3 
Here  the  signal  on  the  input  line  to  the  nonlinearity  can 
take  on  one  of  N  +■  1  possible  values  Physical  quantities 
other  than  light  intensity  have  been  exploited  for  optical 
logic  Optical  logic  systems  based  on  complex  amplitude. 
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fig.  7.  Implementation  of  an  N-mput  binary  logic  Sate 
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Fig.  8.  Nonlinearities  for  implementation  of  N-mput  binary 
logic  operations 


phase,  and  polarization  have  been  suggested;  some  of  these 
techniques  are  reviewed  here. 

Although  no  physical  mechanism  will  achieve  the  ideal 
threshold  switching  characteristics  of  Figs.  6  and  8,  useful 
optical  logic  can  be  implemented  with  a  physical  device 
having  an  input-output  characteristic  of  the  type  shown  in 
Fig  9  This  curve  can  be  roughly  divided  into  three  regions 
as  indicated.  In  the  subthreshold  region  (A)  the  device 
produces  little  or  no  response  to  an  input.  In  the  analog 
operation  region  (8),  the  output  is  typically  a  linear  func¬ 
tion  of  the  input.  In  the  saturation  region  (Q  the  device 
output  is  only  weakly  dependent  upon  the  input.  For  multi¬ 
level  systems,  the  inherent  deterministic  and  stochastic 
noise  properties  of  the  device  are  such  that  the  analog 
operation  region  is  divided  up  into  N  distinguishable  levels. 
Changes  in  the  characteristic  curves  with  environment  and 
errors  due  to  noise  produce  an  output  uncertainty  indicated 
by  the  dotted  lines  above  and  below  the  solid  line  repre¬ 
senting  the  nominal  characteristic  curve  in  Fig.  9. 

Although  these  devices  may  be  utilized  in  both  multi¬ 
level  and  binary  numerical  processing  systems,  for  stability 


fig.  9  Typical  transducer  input-output  characteristic  Re¬ 
gion  A  is  the  subthreshold  region  and  region  C  is  the 
'iteration  region  In  both  these  regions  input  variations 
-  ej-r-  little  or  no  output  variation  Region  8  is  the  operating 
,l  for  analog  devices  The  dotted  curves  indicate  the 
'J'  g-  -if  variability  in  the  curve  due  either  to  stochastic  or 
deterrn.nistic  variations  This  variation  determines  the  num¬ 
ber  o>  distinguishable  levels  i.n  the  operating  region 


reasons,  they  are  generally  more  suited  to  binary  operation 
Because  the  outputs  in  the  subthreshold  and  saturation 
regions  are  insensitive  to  changes  in  the  input,  they  ate 
generally  also  only  slightly  affected  by  variations  in  the 
device  operating  parameters.  However,  the  analog  opera¬ 
tion  region  is  often  very  sensitive  to  device  parameters  This 
is  true  for  electronic  devices  as  well  as  optical  devices  Thus 
while  the  gain  of  an  electronic  amplifier  Circuit  may  be  very 
sensitive  to  temperature  variations,  the  threshold  and 
saturation  voltage  levels  will  be  relatively  unaffected  bv 
temperature  variations.  Furthermore,  the  inherent  noise  in  a 
transducer  is  generally  signal  dependent  and  will  often  be 
most  severe  in  the  operating  range.  This  is  related  to  the 
fact  that  the  subthreshold  and  the  saturation  levels  are 
physically  well-defined  states.  For  example,  in  photographic 
film,  below  threshold  no  grains  are  exposed  so  that  the  only 
noise  contribution  comes  from  background  fog.  When  the 
film  is  exposed  into  saturation  essentially  all  grains  are 
developed  and  the  only  noise  is  the  variation  in  the  number 
of  grains  present  in  the  field.  In  between  these  extremes 
one  has  the  added  noise  contribution  that  the  number  of 
grains  exposed  is  a  stochastic  function. 

In  searching  for  belter  logic  devices  there  are  several 
parameters  to  be  optimized,  including  slope  of  the  device 
input-output  curve,  and  shape  of  the  device  .subthreshold 
and  saturation  regions.  Current  .esearch  is  aimed  af  de¬ 
termining  necessary  and  sufficient  conditions  (or  optical 
devices  to  serve  as  useful  switching  elements.  Generally, 
the  device  input-output  curve  should  have  a  large  slope-  in 
the  region  of  analog  operation,  and  a  threshold  saturation 
characteristic.  The  threshold  should  be  repeatable  and 
well-defined.  As  described  later  in  Section  lll-B,  this  is  the 
fundamental  characteristic  necessary  to  construct  gates  and 
various  logic  functions.  We  emphasize  that  devices  with  a 
physical  bistable  characteristic  having  two  memory  slates 
are  not  needed.  As  discussed  further  in  Section  lll-F,  bista¬ 
bility  results  from  feedback  combined  with  a  device  having 
a  general  characteristic  curve  like  that  shown  in  Tig.  9  At 
the  end  of  this  paper,  we  summarize  additional  desirable 
properties  for  digital  optical  logic  systems. 

Some  of  the  most  important  device  parameters  are 
switching  time,  delay  time,  and  power  consumption.  Ide¬ 
ally,  all  of  these  parameters  should  be  minimized.  For  many 
families  of  logic  devices,  the  product  of  the  power 
consumption  and  the  delay  time  is  approximately  constant 
within  the  family,  i.e.,  increased  speed  can  be  obtained  at 
the  expense  of  increased  power  consumption  (34),  (35) 
Thus  this  power-delay  product  is  often  used  <o  characterize 
logic  devices.  The  power-delay  product  is  equivalent  to  the 
device  switching  energy. 

It  is  desirable  to  have  input  and  output  signals  in  binary 
logic  represented  by  the  same  information-carrying  medium 
so  that  signals  may  be  propagated  and  cascaded  without 
too  many  changes  of  state  Thus  logic  based  on  electronic 
signals  generally  needs  electronic  output;  logic  based  on 
optical  signals  of  a  certain  wavelength  should  have  an 
optical  output  at  the  same  wavelength  Logic  systems  con¬ 
taining  a  hybrid  of  media  (i  c  ,  electronic  control  of  optical 
signals  or  vice  versa)  are  generally  undesirable  However, 
this  hybrid  of  media  is  important  for  input  or  output  trans¬ 
ducers  that  must  interface  with  external  sensors  and  tradi¬ 
tional  el-xtromc  digital  computing  sv stems  Within  a  gnen 
logic  gate,  it  is  also  important  to  avoid  internal  changes  of 
slate,  such  as  photon-electron -pholon  conversions  present 
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m  manv  real-time  electtoopiic.il  devices.  It  is  these  lonu'r- 
sions  that  generally  reduce  '.peed  and  energy  etfioency. 
and  also  increase  noise 

A  set  of  elementary  logic  (unctions  is  said  to  be  complete 
if  any  combinatorial  circuit  can  be  constructed  from  them 
For  the  binary  number  system,  either  the  combination  of 
logical  NOt  (an  inverter)  with  logical  OR.  or  the  combina¬ 
tion  of  logical  not  with  logical  and  is  a  complete  vet 
These  operations  can  be  combined  in  one  device  which 
performs  either  the  logical  nor  or  logical  nano  From  these 
combined  functions  the  sot  is  ai  hievod  bv  fixing  one  input 
m  a  0  or  1  state  In  fact,  the  high-speed  CRAY-1  processor  is 
constructed  almost  entirely  of  nor  gates  [3b]  Another  im¬ 
portant  element  of  any  computer  system  is  a  binary  mem¬ 
ory  element.  These  can  be  constructed  trom  simple  logic 
elements  or  bistable  devices  can  be  used  to  implement 
memory  elements  directly. 

As  we  noted  earlier,  residue  multilevel  processors  cannot 
do  logical  comparisons  ol  numbers  without  conversion  to 
binary,  decimal,  or  some  more  traditional  number  system  It 
might  be  possible  to  develop  and  implement  a  complete 
set  of  multivalued  logic  functions  in  order  to  make  a 
general-pui pose  processor,  however,  this  could  require 
many  different  fundamental  functions  and  would  lead  to 
very  complicated,  clumsy  design  rules. 

Another  important  consideration  -is  the  fabrication  of 
parallel  arrays  of  logic  devices.  Ideally,  these  devices  should 
be  easily  and  cheaply  fabricated  in  large  arrays  with  a  high 
packing  density  so  that  the  overall  physical  dimensions  of 
the  system  are  small. 

A  final  goal  is  to  choose  devices  that  allow  easy  intercon¬ 
nections  within  the  device  array  (on-chip)  and  easy  com¬ 
munications  from  the  device  arrays  to  external  systems 
(off-chip).  These  factors  greatly  influence  system  architec¬ 
ture  and  software.  Some  of  these  considerations  are  dis¬ 
cussed  m  Sections  IV  and  V  of  this  paper. 

Obviously,  it  is  impossible  to  improve  on  all  of  these 
factors  simultaneously.  One  typically  finds  that  a  device  or 
technology  which  is  particularly  strong  in  one  area  will  be 
weak  in  other  areas. 

The  standards  by  which  any  new  technology  is  judged 
are  set  by  current  and  projected  electronic  systems.  Current 
systems  have  switching  energies  in  the  picojoule  range  [35], 
Minimum  feature  sizes  on  current  integrated  circuitry  is  in 
the  micrometer  range  with  the  average  linear  dimensions  of 
logic  gates  being  a  factor  of  ten  larger  The  gate  density  is 
limited  by  interconnection  requirements  as  will  be  dis¬ 
cussed  later  For  memories,  where  the  gate  density  is  highest, 
gates  occupy  about  half  the  chip  area  whereas  for  more 
general  circuitry,  gates  may  occupy  one-tenth  the  chip  area 
Projected  electronic  systems  may  have  femtojoule  switch¬ 
ing  energies,  minimum  feature  size  of  a  few  tenths  of  a 
micrometer,  and  clock  periods  of  a  few  nanoseconds  [37] 

Optics  research  has  afforded  several  approaches  to  imple¬ 
menting  binary  logic  elements  and  logic  circuits.  These 
range  from  integrated  optics,  which  is  a  planar  optical 
analog  of  electronic  integrated  circuits,  to  three-dimen¬ 
sional  systems  in  which  a  two-dimensional  array  of  logic 
elements  are  interconnected  using  the  third  dimension 
Section  lll-B  discusses  current  binary  integrated  optical 
switching  and  logic  technology  Section  lll-C  reviews  other 
approaches  to  optical  logic  technology,  particularly  those 
producing  arrays  of  gates. 


3  Integrated  Optics 

Integrated  optics  technology  is  callable  of  taou.  ,  ; 

guided-wave  structures,  electrooptic  devices,  .uus  ■  •  ; 

detectors  in  a  planar  airav  [38]  Integrated  optics  ;■ 
have  manv  of  the  same  logic  and  signal  proc  essing  ,  ap 
ties  as  semiconductor  chips  Integrated  optics  is  at!': 
due  to  its  potential  for  high  switching  speeds  • 

compatibility  with  fiber-optic  communication  links 

Tavlor  has  proposed  a  system  inr  implementing  ’■  • 
functions  with  integrated  optics  [39]  As  he  points  out  ■ 
limiting  element  in  such  systems  is  the  photodetec  hoe  • 
systems  can  be  built  where  several  processing  stops  car  : 
executed  between  detection  steps,  these  systems  can 
very  fast,  e  g  ,  a  predicted  4  ns  tor  a  complete  iu-bit  ad 
tmn  Goldberg  and  Lee  have  demonstrated  an  integrjt.  : 
optical  half-adder  [40],  Integrated  optical  interconnect" 
networks  have  ilso  been  discussed  [  it  ],  [43]  V ether  [431  h 
described  manv  integrated  optical  systems  for  logic  ai  . 
arithmetic  operations 

C.  Optical  Combinatorial  Logic  Devices  an,]  Arrays 

Interest  in  developing  optical  binary  logic  and  computing 
systems  goes  back  to  at  least  the  1950s.  A  patent  granted  to 
von  Neumann  in  i 957  proposed  the  use  of  signals  at  micro¬ 
wave  wavelengths.  He  described  how  switching,  amplify¬ 
ing,  and  memory  functions  could  be  achieved  when  the 
signals  are  combined  using  a  nonlinear  element.  A  si.-mlar 
technique  was  described  by  Goto  [45]  In  'he  late  iQ5Cs 
Diemer  and  Van  Santen  [46]  described  techniques  of 
tegrated  optical  logic  utilizing  photoconductors  combem 
with  neon  bulbs  and  electroluminescent  devices 

Work  on  optical  logic  continued  into  the  early  1%0s  Ih  > 
general  approach  was  to  use  optical  nonlmearities  such  as 
gam  quenching  in  injection  lasers  and  saturable  absorption 
to  obtain  optical  logic  circuit  elements  such  as  gates  0r.d 
flip-flops  (47]-[5T ].  The  goal  was  to  obtain  ultra  fast  switc  h¬ 
ing  by  circumventing  the  R C  time  constants  and  earner 
delay  times  of  semiconductor  electronic  logic.  Several  re¬ 
view  articles  summarize  the  results  of  this  work  [5^]-[5 -] 
This  goal  was  attained  in  some  cases  (switching  time;  cm 
the  order  of  0.1  ns)  but  at  the  expense  of  very  low  energy- 
efficiency  [34],  [35],  [53],  [56]  The  energy  efficiency  or  those 
techniques  suffered  due  to  photon-electron-photon  con 
versions,  and  it  was  difficult  to  envision  such  system  w.ih 
a  large  (>  TO3)  number  of  gates  in  a  two-dimensional 
array. 

Although  interest  in  optical  logic  e'ements  waned  m 
the  late  T960s,  interest  in  optical  memory'  and  storage 
techniques  remained  strong  [52],  [53],  [55],  [57],  [58],  thus 
maintaining  the  connection  between  optics  and  binary 
computing  systems  Beginning  in  the  mid-1970s  interest  in 
developing  arrays  of  high-speed  optical  logic  gates  was 
revived  as  new  materials  and  techniques  provided  moie 
energy  efficient  solutions  At  the  same  time,  the  studv  oi 
optical  logic  expanded  from  the  level  of  single  gates  to  ’he 
level  of  circuits  and  systems  These  svstems  require  large 
parallel  two-dimensional  arrays  of  gates  (with  minimum 
size  on  the  order  of  10’- '03  gates)  and  spveral  efforts  wen 
com  erned  with  increasing  the  size  of  ga’e  arrays  from  a  lev 
to  several  hundred  [8],  [57],  ]58]  Also  tnpre  weie  continue  g 
ptforts  to  improve  the  switching  speed 
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fiiC  throughput  ut  a  system  (oil  bo  mi  leased  either  by 
increasing  device  speed  or  bv  introducing  parallelism 
Several  systems  that  we  describe  here  have  been  proposed 
which  exploit  parallelism  to  obtain  a  high  performance 
optical  logic  system.  Most  of  these  systems  would  be  clas¬ 
sified  as  optoelectronic  in  that  they  have  electronic  controls 
and  they  generally  require  a  photodetection  to  mediate  the 
logic  operation.  Ihcse  systems  differ  significanlly,  each  hav¬ 
ing  its  own  particular  advantages.  We  summarize  them  m 
the  remainder  of  Section  lll-C  and  describe  our  own  work 
m  this  area  in  Sections  lll-D  and  IH-E. 

Seko  and  Nishikata  [59]  have  described  an  optical  parallel 
thre'hold  array.  The  system  consists  of  an  extremely  thin 
(5-fim)  GaAs  crystal  wafer  that  is  pumped  at  591  0  nm  by  a 
dye  laser  An  image  (consisting  of  many  resolution  cells  or 
gates)  is  impressed  on  the  wafer  and  a  single-mode  laser 
oscillation  at  8340  nm  is  observed  over  the  output  array. 
The  mput-output  curve  of  the  system  shows  a  threshold  at 
1  MW/crrr1.  One  shortcoming  of  this  system  is  the  change 
in  wavelength  from  input  to  output. 

Seko  and  Sasamon  [00]  and  Seko  [61]  have  reported  an 
optical  logic  array  that  demonstrates  thresholding,  logical 
am.)  and  logical  or  operations.  The  system  consists  of  a 
Fabry-Perot  laser  resonator  plate  with  an  Nd:  glass  core  and 
an  input  array  of  2500  fibers.  Pump  images  corresponding  to 
an  input  logic  array  are  superimposed  on  the  fiber  plate. 
The  mput-output  curve  of  the  device  exhibits  a  sharp 
threshold  at  the  onset  of  lasing,  thus  producing  various 
logical  operations  by  thresholding.  Unfortunately,  this  sys¬ 
tem  also  produces  a  change  of  wavelength  from  input  to 
output. 

Seko,  Kobayashi,  and  Shimizu  (62]  have  described  the  use 
of  a  channel  plate  image  intensifier  as  parallel  logic  device. 
By  sequentially  applying  two  logical  array  inputs  and  con¬ 
trolling  the  time  sequence  of  the  final  acceleration  voltage 
to  the  phosphor  screen,  the  two  inputs  can  be  made  to  sum 
or  subtract.  Multiplication  can  be  achieved  with  a  cascade 
of  two  systems  and  binary  logical  operations  can  be  derived 
from  these  algebraic  functions.  Processing  times  as  low  as 
20  ns  were  reported,  but  the  technique  has  the  drawbacks 
of  requiring  high  voltage  (10  kV),  relatively  low  spatial 
resolution  (50  fim/gate),  and  temporal  memory  characteris¬ 
tics.  This  technology  also  fundamentally  relies  on  photon- 
electron-photon  conversions. 

Watrasiewicz  [63]  described  optical  logic  systems  that 
encode  binary  data  as  spatial  regions  with  orthogonal 
polarizations.  He  showed  that  various  binary  logic  opera¬ 
tions  could  be  achieved  with  this  type  of  encoding  and 
considered  the  application  of  various  real-time  spatial  light 
modulators  for  experimental  implementation. 

Tsvetkov,  Morozov,  and  Elinson  [64]  envisioned  a  logic 
scheme  very  similar  to  that  of  Watrasiewicz.  They  described 
several  types  of  electronically  and  optically  controlled 
liquid-crystal  (LQ  cells  that  contain  arrays  of  binary  ele¬ 
ments.  They  show  that  many  different  Boolean  logic  func¬ 
tions  and  pixel  shifting  can  be  implemented  by  cascading 
cells  and  altering  polarizers  placed  between  them.  A  short¬ 
coming  of  this  system  as  with  many  other  1C  systems  is  the 
slow  response  time.  For  twisted  nematic  LC  systems  the 
turn-on  time  is  estimated  at  0.2—10  ms,  with  a  turn-off  time 
of  15-200  ms. 

Schaefer  and  Strong  [65]  have  described  a  binary  optical 
computer  architecture  called  the  TSE  computer  consisting 


ut  electrooptical  binary  logic  arra\s  uimbiiH  with  tit/*  r 
optic  bundles  and  components  for  interconnections  Several 
devices  were  considered  to  provide  the  logic  gates,  among 
them  thin-film  field-effect  transistor  arrays  An  array  of 
128  x  128  devices  for  the  optical  not  function  was  con¬ 
structed,  and  some  of  the  fiber-optics  components  such  as 
array  combiners,  interleavers,  fan-m  and  fan-out  devices 
were  constructed.  Two  shortcomings  of  the  TSE  computer 
are  the  need  for  photon-electron  conversion  and  reconver¬ 
sion  at  each  stage  and  the  difficulty  of  fabricating  large 
parallel  fiber-optics  interconnections. 

Lee  [66]  and  Athale  and  Lee  [67]  described  the  construc¬ 
tion  of  a  planar  electron-optical  light  modulation  device 
(OPAL — for  Optical  Parallel  Logic)  that  can  perform 
thresholding  and  logic  on  data  arrays  The  device  has  a 
segmented  structure  consisting  of  opaque  CdS  photocon¬ 
ductor  cells  paired  with  transmissive  cells  containing  a 
twisted  nematic  LC  material  as  the  electrooptical  medium 
The  device  is  arranged  so  that  Input  light  striking  the 
photoconductor  alters  the  electric  field  across  the  LC 
material,  in  turn  altering  the  polarization  and  transmission 
properties  of  each  cell  The  device  can  perform  logical  and, 
or,  and  not,  and  an  8  x  8  array  of  devices  has  been 
constructed.  They  have  described  an  interconnect  on  of 
two  OPAL  devices  to  produce  logical  sum  and  carry  outputs 
in  a  binary  half-adder.  The  switching  time  for  one  gate  in 
the  device  is  approximately  68  ms.  More  recently,  Athale 
and  Lee  [68]  have  reported  an  improved  version  of  this 
device  with  a  sharper  threshold  and  an  improved  oncff 
transmission  ratio  of  50:1.  Placing  an  optical  feedback  loop 
around  the  device  gives  it  bistable  characteristics,  as  de¬ 
scribed  in  Section  lll-F  Michaelson  [69]  described  and  ex¬ 
perimentally  verified  the  use  of  an  external  optical  positive 
feedback  loop  placed  around  a  Hughes  LC  light  valve 
(LCLV)  to  increase  the  slope  of  the  threshold  for  optical 
logic  and  image  processing  applications.  The  LCLV  device  is 
described  in  detail  in  the  next  section. 

Warde  el  al.  [70]  have  described  an  optically  addressee 
microchannel  spatial  light  modulator  (MSLM)  that  can  per¬ 
form  contrast  reversal,  image  addition  and  subtraction, 
thresholding,  and  the  and.  OR,  xor,  and  nor  binary  logic 
functions.  The  device  uses  a  photocathode  and  microchan¬ 
nel  plate  to  detect  and  amplify  illuminating  signals  and 
impress  them  on  a  plate  of  electrooptic  material  such  as 
LiTaOj  and  LiNb03.  The  threshold  characteristics  of  the 
device  are  enhanced  by  coating  the  material  to  form  an 
array  of  high  finesse  Fabry-Perot  cavities. 

Fatehi,  Wasmundt,  and  Collins  [71]  have  described  sys¬ 
tems  that  perform  all  16  binary  functions  of  two  binary 
input  variables.  Their  system  used  Hughes  LCLV  devices 
combined  with  various  orientations  of  polarizers  to  change 
the  operating  curves  of  the  system.  The  system  is  com¬ 
plicated  by  the  need  to  replicate  some  signals  and  the  need 
to  make  two  passes  through  a  light  valve  to  achieve  some 
functions.  As  discussed  earlier,  most  binary  processors  are 
designed  using  no  more  than  three  or  four  basic  logic 
functions,  so  that  in  practical  applications  the  system  could 
be  simplified. 

Recently,  Bartelt  and  Lohmann  [72]  described  a  parallel 
optical  logic  scheme  involving  spatial  encoding  and  coher¬ 
ent  optical  spatial  filtering.  The  inpul  data  arrays  are  en¬ 
coded  with  a  transmittance  grating  wnose  angular  orienta¬ 
tion  varies  with  level.  This  encoding  is  known  as  theta 


modulation  (73 ].  Several  ways  to  achieve  the  encoding  arc 
available,  but  this  necessary  preprocessing  is  generally  slow 
by  current  technologies.  A  system  tor  loherent  spatial  filter¬ 
ing  with  two  input  arrays  is  shown  to  produce  vanous  logic 
functions. 

Tanida  and  Ichioka  [74]-{'6]  have  constructed  a  parallel 
optical  combinatorial  logic  array  processor  that  can  also 
perform  all  16  binary  functions  of  two-input  binary  varia¬ 
bles.  The  system  uses  a  lensless  shadow-casting  system  with 
an  incoherent  LED  light  source  The  various  functions  are 
selected  by  changing  the  illumination  through  the  LEDs. 
They  demonstrate  various  binary  picture  processing  opera¬ 
tions  such  as  shitting,  binary  differentiation,  etc.,  and  de¬ 
scribe  extensions  to  parallel  gray-level  picture  processing 
One  limitation  of  the  system  is  that  it  requires  an  encoding 
of  input  binary  arrays  before  they  can  be  processed.  A 
recent  paper  (76]  describes  an  off-line  coding  scheme  using 
a  computer  generated  holographic  filter. 


D  Combinatorial  Logic  with  Liquid- Crystal  Light  Valves 

As  described  earlier,  an  optical  device  or  arrav  of  devices 
with  a  nonlinear  threshold  characteristic  is  neccssarv  to 
implement  logic  functions.  We  have  constructed  a  combi¬ 
natorial  logic  system  that  uses  a  Hughes  LCLV  as  the  nonlin¬ 
ear  element  [33],  [77],  [78], 

The  Hughes  LCLV  is  an  optical  image  transducer  that 
accepts  a  low-intensity  input  spatial  image  and  converts  it 
to  an  output  image  with  readout  light  from  another  source 
(79]— (8 1 ].  The  device  operates  at  room  temperature  at  ap 
proximately  television  frame  rates  (30  ms),  with  resolution 
similar  to  that  of  photographic  film  (approximated  40 
cycles/mm).  The  device  has  aperture  sizes  up  to  50  mm  bv 
50  mm.  and  requires  only  a  single  5-10  V  ims  audio 
frequency  power  supply. 

The  LCLV  device  (Fig  10)  consists  of  a  sandwich  of 
several  thm-lilm  layers  on  either  side  of  a  cell  rilled  with  LC 


fig.  10.  Cross  section  of  a  Hughes  photoartivatcd  liquid- 
crvstal  light  valve  (LClV) 


material  The  device  has  a  CdS  photoconducting  layer,  a 
CdTe  light  blocking  layer  a  dielectric  mirror,  and  a  biphenyl 
LC  layer  placed  between  mdium-tin-o<ido  transparent 
conducting  electrodes  placed  on  optically  flat  glass  sub¬ 
strates  An  ac  bias  voltag"  is  nnpiessed  across  the  electrodes 
to  activate  the  deuce  An  input  image  spatially  modulates 
the  input  impedance  of  the  photrx  ondur  tor,  thus  altering 
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the  voltage  drop  acnes  the  LC  m.itt-iijl  and  vat.  '  . 
elec trooptu  al  propertii  s  The  alignment  of  the  LC  n  • 
cules  with  the  substrate  can  lie  arrangi  d  m  several  w<>.  •  , 
take  advantage'  of  polarization  rotation  effects  mwi-m 
optical  bnefringence 

fhe  paihcular  LCLV  used  m  our  combinatorial  log" 
perimenls  is  called  a  45  degree  twisted  nematic  d*’s ice  I 
LC  molecules  at  the  electrodes  are  aligned  with  then  _> 
axes  parallel  to  the  electrode  surface  and  oriented  wen  , 
fixed  preferred  direction  The  orientation  w  accompl.o 
by  mechanical  rubbing  or  ion-beam  etching 

The  LCLV  device  is  operated  between  crossed  polar  u'  - 
as  shown  in  Fig  11.  8  and  P  in  Fig.  11  are  polarizer  p>  ; 
analvzcr.  respectively,  while  8S,  is  a  beamsplitter  A  p.  pu  ; 
mput-ouiput  characteristic  curve  is  shown  m  Fig  '2  I1 


f.g  11  Si  oem  tor  measuring  the  npul-ou’out  'mpen-" 
a  'fu*  ICIA  itewce  in  t.g  0  P.  is  a  polarizer  P  s  m 
analwer  am)  its,  w  a  beamsplitter 
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INPUT  1  0  '  0  *  I  ’  I  '••"I 

NPUT  2  0  10  1 

Fig.  12.  LCLV  input-output  cha'actenstic  u*ed  to  imple¬ 
ment  the  nop  operation 


binary  states  0  or  1  corresponding  to  logic  gate  outputs  are 
represented  by  the  two  intensity  levels  marked  on  the 
vertical  (output)  axis.  The  inputs  to  each  logic  gate  are 
optically  superimposed  to  vield  0.  1,  or  2  in  the  case  ot  two 
input  gates,  and  these  inputs  can  produce  various  bmarv 
logic  operations  as  shown  in  Fig  b  Fig.  6  shows  ideal 
input-output  characteristic  curves  needed  to  achieve  vet 
nor,  and,  or,  and  xor  functions  By  appropriate  choice  ot 
bias  and  scaling,  the  curve  of  Fig,  12  can  be  utilized  for  the 
nor  and  nano  operations,  even  though  it  does  not  haw  i 
sharp  threshold 

An  LCLV  with  a  npmatic  LC  material  and  zero  degrees  of 
twist  is  r  ailed  a  parallel-aligned  LCLV  Ttipse  deuce*.  have  a 
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quasi -periodic  oscilljtorv  output  as  a  function  of  the  input 
intensity  [33],  [30).  Typical  parallel  aligned  LCLVs  can  also  be 
used  tor  nor  and  xok  functions  as  shown  in  Fig  6  Note 
that  an  oscillatory  ICLV  characteristic  is  needed  for  the  vow 
'peration  and  xncr  operation  (not  shown  in  Fig  6),  while  a 
monotonic  behavior  over  the  selected  dynamic  range  is 
needed  for  the  other  operations.  Either  a  twisted-nematic  or 
parallel-aligned  LCLV  with  an  appropriate  LC  thickness  may 
be  used  to  obtain  tne  monotonic  characteristic.  The  accu¬ 
racy  necessary  to  approximate  the  ideal  logic  function  curves 
is  discussed  in  [33],  dynamic  effects  that  must  be  consid¬ 
ered  are  discussed  in  Section  IV-B  where  the  combinatorial 
logic  circuit  is  combined  with  feedback  to  form  a  sequen¬ 
tial  processor. 

Several  combinatorial  logic  operations  have  been  demon¬ 
strated  using  a  parallel-aligned  LCLV  device.  In  this  test, 
incoherent  light  sources  were  used  for  both  input  and 
output  beams.  The  test  inputs  are  shown  in  Fig.  13.  In  this 
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F'g.  13.  Combinatorial  logic  inputs  to  generate  truth  tables 


case,  one  input  was  a  vertical  grating  and  the  other  a 
horizontal  grating  so  that  a  replicated  two-dimensional  grid 
of  all  four  possible  input  pairs  is  impressed  on  the  photo¬ 
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conductor  Fig  14  shows  the  expected  output  patterns  for 
each  logic  operation  The  particular  LCLV  used  in  this 
experiment  had  a  poor  response  uniformity,  thus  each  logic 
operation  could  be  accurately  performed  only  over  a  limited 
spatial  region.  Some  ol  the  sample  outputs  of  the  system 
are  shown  in  Fig.  15.  The  grid  size  shown  is  approximately  2 
Imes/mm  at  the  LCLV  surface.  Because  this  was  a  pre¬ 
liminary  experiment,  no  attempt  to  determine  the  I  CIV 
resolution  limit  was  made.  All  the  operations  and,  nai.d, 
OR,  nor,  and  xnor  were  performed  by  adjustment  of  the 
LCLV  operating  parameters  and  searching  for  a  region  of 
uniform  response  on  the  LCLV. 

As  described  earlier,  only  a  few  elementary  logic  func¬ 
tions  such  as  nor  are  needed  to  form  a  logically  complete 
set.  An  important  practical  consideration  is  the  uniformity 
and  repeatability  of  this  and  any  other  parallel  logic  array.  In 
Section  IV-B  we  discuss  the  use  of  this  combinatorial  logic 
scheme  as  part  of  a  sequential  logic  processor. 

E.  Combinatorial  Logic  with  Variable  Crating  SAode  (VCM) 
LC  Devices 

A  completely  different  LC  image  transducer  called  a  vari¬ 
able-grating  mode  (VCM)  device  has  also  been  used  for 
implementing  a  parallel  array  of  combinatorial  logic  gates 
[82],  [83]  Certain  nematic  LC  mixtures  are  observed  to  form 
a  laterally  periodic  optical  phase  grating  when  combined  in 
a  thin  cell  with  transparent  electrodes  as  shown  in  Tig  16. 
Fig.  17  shows  the  typical  phase  structure  when  observed 
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fig.  16.  Schematic  diagram  ot  lht>  variable-grating  mode 
Ik  CM)  device  construction  At  present  Jevu.-v  .no  read  out 
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fig.  17.  Phase  structure  ot  the  VCM  device  viewed  through 
a  polarizing  microscope  Typical  spatial  frequencies  range 
trom  100  to  500  cycles/mm. 


through  a  polarizing  microscope.  The  local  spatial  frequency 
of  the  grating  is  quite  high  (typically  ICO  to  500  cycles/mm) 
and  varies  linearly  with  the  magnitude  of  the  local  voltage 
across  the  1C  layer.  The  grating  period  can  be  optically 
controlled  by  placing  a  two-dimensional  photoconductive 
layer  in  senes  with  the  layer  of  1C  In  the  particular  device 
used  m  our  experiments,  the  photoconductor  is  sputter-de¬ 
posited  ZnS  and  the  LC  material  is  placed  in  a  cell  between 
mdium-tin-oxide  (ITO)  transpatent  electrodes  deposited 
on  glass  substrates.  The  device  is  biased  with  dc  voltage 
impressed  across  the  electrodes.  A  spatial  illumination  pat¬ 
tern  incident  on  the  photoconductor  locally  modifies  the 
voltage  on  the  LC  material.  Thus  the  device  converts  an 
input  intensity  distribution  into  a  local  variation  of  the 
phase-grating  spatial  frequency.  The  high  lateral  impedance 
of  the  thin  photoconductive  film  prevents  significant 
spreading  of  the  photoconductivity  and  LC  VGM  effect, 
thus  the  device  can  retain  high-resolution  images.  Fig.  18 
schematically  illustrates  this  mapping  of  intensity  of  spatial 
frequency.  Note  that  a  spatial  region  of  the  input  image 
with  a  constant  gray  level  is  converted  to  a  region  with 
constant  spatial  modulation.  When  illuminated  coherently 
and  placed  in  an  optical  Fourier  transform  system  shown  in 
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fig  18,  different  spatial  frequency  component-,  ot  the  ---v 
coded  image,  corresponding  to  different  input  intens,;..  -. 
appear  in  different  locations  in  the  Fourier  plane  'A.ih-n 
the  dynamic  range  of  the  dpvice,  intensities  can  be  mapped 
monotomcallv  into  positions  along  a  line  m  Fourier  -pac  e  it 
the  V CM  grating  carrier  frequency  is  much  higher  than  the 
spatial  frequency  ol  the  input  gray-level  distribution  ,  T 
then  it  is  possible  to  obtain  various  nonlinear  transform.)- 
tions  of  the  input  intensity  in  the  output  plane  bv  pL,  i  g 
filters  in  the  Fourier  filter  plane  ot  Fig,  18. 

The  VGM  device  can  be  used  to  implement  logic,  tunc- 
tions  by  inserting  appropriate  filters  in  the  Fourier  plane  to 
achieve  the  nonlinear  input-output  curves  or  Fig  *,  ymc.e 
the  nonlmeanties  associated  with  optical  logic  are  binary, 
they  can  be  implemented  with  simple  slit  apertures  having 
0  or  1  transmittance  values  The  Fourier  plane  fiitc-r  ha-  a 
transmittance  variation  m  the  axis  perpendicular  to  'he 
variable  grating  which  is  essentially  a  plot  of  the  des.red 
nonlinearity  In  addition,  the  logic  function  can  be  altered 
by  changing  the  aperture  in  the  spatial  frequence  plane 

A  series  of  experiments  was  conducted  to  demonstrate 
the  fundamental  logic  functions  The  experimental  --et'jp  of 
Fig.  19  was  used  Two  input  fields  were  superimposed  at 
the  VGM  plane  along  with  a  bias  illumination  The  total 
illumination  intensity  on  the  photcconductor  of  ine  v  Cm 
device  was  thus  the  sum  of  the  two  input  intensities  and 
the  bias  intensity.  The  input  illumination  was  a  f,T;---rd 
high-pressure  mercury-arc  lamp  The  bias  illumination  -vas 
provided  by  a  tungsten-bulb  source.  The  VGM  dev-ve  was 
read  out  m  transmission,  using  a  Hp-Ne  laser.  Filters  were 
placed  m  the  Fourier  plane  to  select  the  diffraction  orders 
required  in  each  case.  For  these  experiments,  the  inputs 
consisted  of  two  rectangular  apertures,  one  vertical  ana  one 
horizontal  When  these  were  superimposed  along  with  the 
bias,  a  square  image  was  formed  with  the  four  quadrants 
having  the  intensity  levels  shown  in  Fig.  20.  This  image 
corresponds  to  the  logic  truth  table  shown  in  the  figure 
Thus  the  output  images  have  intensity  Ipvels  determined  bv 
the  truth  table  associated  with  the  desired  logic  function 
The  logic  functions  and.  or,  xor,  and  their  complements 
were  implemented  sequentially,  as  shown  in  Fig  20,  by- 
altering  only  the  Fourier  plane  filter.  Imperfections  visible 
in  the  output-plane  data  arise  from  defects  in  the  ceh 
structure  of  the  VGM  device  employed  in  these  experi¬ 
ments. 

The  input  light  to  the  VGM  logic  array  need  not  be 
coherent,  and  the  spatial  coherence  on  the  output  s.de  ran 
be  relaxed  to  only  distinguish  a  small  number  of  distinct 
spatial  frequencies.  Other  particular  characteristics  of  the 
VGM  device  make  it  interesting  for  use  in  residue  process 
ing  systems  [77],  [82]  and  for  more  complex  binary  combina¬ 
torial  logic  circuits  such  as  full  adders  Its  drawbacks  are 
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that  <  torrent  deyites  are  not  spatially  uniform  and  are  quite 
■-Inu  (turn  on  times  on  the  order  of  ICO-200  ms).  Research 
on  improvements  m  device  speed  and  pixel  uniformity  is  in 
piogress. 


f.  Optical  Bistable  Devices  and  Arrays 

A  bistable  device  can  be  thought  of  as  an  optical  nonlin- 
>’•  re < f y  (to  provide  a  gate  or  switching  function)  combined 
‘.villi  medback  (to  provide  two  stable  states)  [3-4]— (^2]  A 
bistable  device  may  function  as  an  electronic  flip-flop  be¬ 
cause  it  can  act  as  a  logical  memory  unit.  Bistable  devices 
have  also  demonstrated  switching,  limiting,  ac  amplifica¬ 
tion.  and  modulation  [87],  [88],  The  strong  recent  interest  in 
optical  bistability  has  been  motivaied  by  the  possibility  of 
very  fast  switching  times  (as  low  as  10" s)  [87],  [68] 
combined  with  switching  energies  competitive  with  elec¬ 
tronic  systems  [37].  In  this  brief  discussion  of  optical  bista¬ 
bility  vve  consider  single  devices  or  small  arrays  of  devices 
first;  then  we  discuss  work  on  larger  arrays  of  bistable 
elements. 

Many  different  types  of  materials  and  techniques  have 
been  used  to  demonstrate  optical  bistability.  The  first  bista¬ 
ble  devices  were  called  "hybrid”  because  light  interacting 
with  a  nonlinear  optical  material  was  detected  by  a  photo¬ 
detector  and  electrically  fed  back  to  alter  the  transmission 
of  the  material  ]84|-(86]  Tor  optical  computing,  this  proce¬ 
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dure  i->  inherently  limited  by  tin'  -peed  of  photon-eho  tr.  m 
coevervon  and  is  low  -n  energy  effii 'etuv  The  ri.-rd  tor 
individual  electric.il  feedback  on  ravh  element  il'o 
eliminates  ihe  possibility-  of  large  parallel  bistable  amw 

Another  class  of  bistable  systems  ate  sailed  ail-opte. d  >r 
intrinsic  bistable  systems  (87|-[R!)  Many  of  these  bot-ibie 
devices  an'  Tabiy-Perot  etalons  containing  a  material  whose 
refractive  index  changes  with  applied  light  intensity  These 
devices  are  called  mtiinsic  dispersive  bistable  devices  be¬ 
cause  the  feedback  occurs  internally  within  the  Fabry -P-’ioi 
cavity  and  the  optical  path  length  changes  with  mt-o'if. 
rather  than  the  absorption.  For  optical  computing,  disper¬ 
sive  bistability  is  inherently  more  interesting  because  -;i  ns 
higher  energy  efficiency.  Intrinsic  bistable  systems  have 
been  demonstrated  with  CaAs-CaAlAs  at  room  tempera¬ 
ture  (300  K)  with  switching  power  of  5  x  '0':  'A  are. 
switching  times  of  10  0  s. 

Several  groups  have  constructed  arrays  of  bistable  ele¬ 
ments.  These  svstems  primarily  involve  external  optica1 
feedback  around  an  LC  spatial  light  modulator  or  Simula- 
device.  O'Brien  [93]  patented  a  svstem  m  which  two  spatia- 
light  modulators  (a  Hughes  ICLV  or  other  device)  are  '  On- 
necred  as  bistable  flip-ilop,  so  that  the  output  of  in- 
controls  the  input  of  the  other  and  vice  versa  Sengupta. 
Gerlach,  and  Coll. ns  [94]-]%]  descubed  a  similar  bi-.table 
svstem  with  a  Hughes  LCLV  using  only  one  SIM  H»;o  th-- 
individual  logic  elements  are  spatially  separated  regions  on 
the  light  valve  and  one  output  converts  to  a  xpaMV. 
separate  input  region  of  the  same  SLM  Sengupta  et  at 
have  performed  a  stability  analysis  of  the  system  and  de¬ 
termined  numerical  criteria  for  equilibrium  [94],  [95] 

As  described  earlier  in  Section  lll-C.  Athale  and  lee  p3] 
[68]  have  constructed  an  8  X  8  array  of  logic  gates  >s  3 
segmented  LC  cell  combined  with  a  photcconductor  -„ch 
as  CdS.  By  placing  an  optical  feedback  loop  around  the 
device  so  that  a  portion  of  the  output  signal  is  summed  at 
the  input  side,  the  device  shows  a  sharper  threshold  and 
bistable  behavior. 


IV  Communications 

As  is  evident  from  work  in  very  large  scale  integration 
(VLSI)  of  electronic  circuits,  it  is  not  sutficient  to  produce 
fast,  reliable  gates  and  logic  functions  in  order  to  produce 
efficient  computing  hardware  [37],  ]97]  There  are  many 
other  aspects  of  the  total  system  that  are  important  in 
determining  the  overall  system  performance.  One  critical 
area  is  that  of  communication  Communication  problems 
arise  at  three  distinct  levels:  the  chip  level  where  gates  must 
be  connected  to  one  another,  the  subsystem  level  where 
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■'..ps  jnd  discrete  components  must  bp  interconnected, 
and  the  system  ;->\p|  where  different  functional  units  such 
a>  processors,  memorv,  and  input -output  devices  must 
,  ■m.TH.nicjte  [a?J  In  a  progression  from  the  chip  level  to 
•>-e  -.-.stem  level  the  number  ot  interconnections  generally 
jecreases  This  is  partly  due  to  the  difficulty  of  effectively 
controlling  large  networks  of  high-level  systems. 

a  second  maior  concern  is  system  architecture.  Histori¬ 
cally.  most  computer  systems  have  been  designed  in  the 
classic  von  Neumann  architecture  in  which  memorv  ele¬ 
ments  are  accessed  one  at  a  time  using  an  address  describ- 
ng  their  location  This  structure  was  well-suited  to  early 
Hardware  restrictions  but  is  inappropriate  given  modern 
"ardware  constraints.  In  the  remainder  of  Section  IV,  we 
describe  some  of  these  communication  difficulties  in  more 
detail  and  consider  the  impact  of  optics  on  certain  aspects 
of  the  problem  We  describe  in  detail  a  digital  optical 
sequential  logic  processor  with  a  very  general  interconnec¬ 
tion  structure  In  Section  V,  we  describe  new  tvpes  of 
computing  architectures  and  algorithms  which  are  made 
possible  bv  optical  interconnections. 

4  Cate-to-Caie  Communications 

In  electronic  VLSI  systems,  communications  from  gate  to 
gate  on  a  chip  are  a  maior  expense  in  terms  of  device  area 
required  and  design  time  The  costs  associated  with  inter¬ 
connection  networks  has  led  to  an  emphasis  on  highly 
regular  structures  where  the  number  and  lengths  of  inter¬ 
connection  lines  is  minimized.  Systolic  processors  [99],  [100] 
and  wavefront  array  processors  [101]  are  examples  of 
numerical  computing  systems  constructed  under  these  con¬ 
straints  Although  these  systems  are  finding  a  wide  range  of 
applicability,  thev  sometimes  impose  a  suboptimal  structure 
on  the  processor  design.  Thus,  for  example,  although  it  is 
possible  to  express  a  discrete  Fourier  transform  (OFT)  as  a 
matrix-vector  multiplication  which  is  easily  mapped  onto  a 
systolic-array  architecture,  a  fast  Fourier  transform  (FFT) 
algorithm  inherently  requires  global  interconnections  and  is 
not  conveniently  implemented  in  VLSI  Algorithms  such  as 
sorting  and  routing  are  also  inherently  global,  generally 
requiring  connections  to  widely  separated  gates  on  a  chip 

The  problem  of  input-output  is  also  significant  at  the 
chip  level.  This  is  a  problem  that  has  been  exacerbated  with 
the  development  of  VLSI  where  it  is  possible  to  put  a  large 
number  of  gates  ( -  105  -10")  on  a  chip  but  the  number  of 
pins  to  connect  the  chip  to  the  outside  world  is  severely 
limited  (-  TO* )  Considerable  overhead  in  time  and  hard¬ 
ware  is  often  spent  incorporating  multiplexers/demulti- 
plcxers  m  the  system  to  reduce  the  number  of  input-out¬ 
put  lines  With  optical  systems  it  is  possible  to  have  a  large 
number  of  parallel  inputs  and  outputs 

An  example  of  a  system  developed  for  parallel  input  to  a 
digital  system  is  the  parallel  optical  analog-to-digital  con¬ 
verter  [102]  This  system  was  designed  to  take  a  gray-level 
image  as  an  input  an'1  produce  N  binary  images  as  outputs, 
each  image  being  one  bit  plane  of  the  binary  representation 
ot  the  image  These  bit  planes  can  then  go  directly  into  an 
optical  logic  processor  Although  outputs  can  also  be  paral¬ 
lel  with  optical  systems,  the  need  for  parallelism  is  not  so 
great  jt  the  output  as  at  the  input,  because  processing 
tends  to  reduc"  information 

Goodman  has  recently  described  a  number  of  optical 
techniques  for  interconnection  of  electronic  components  at 
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the  chip  and  subsystem  level  [‘'8]  The  tec  hmques  described 
include  guided  waves  (the  use  of  integrated  optic-  ar.d 
fiber  optics)  and  free-space  prop  igahon  (using  focused  or 
imaged  interconnections  and  b  ojjijst  or  unforus-d  inter¬ 
connections)  One  particular  proposed  method  m-  a  n- ( i ■  -<■ 
tion  hologram  positioned  above  a  VLSI  chip  serving  as  jn 
imaging  element  connecting  a  large  number  of  integrated 
optoelectronic  sources  and  detectors  lam  and  Snvder  [1C:] 
nave  experimentally  demonstrated  the  distribution  of  pi<  o- 
second  pulse  optical  clock  and  test  signals  on  G.iAs  FFT 
logic  chips  as  a  method  of  avoiding  differential  amms;  d.-lav 
oroblems  in  very  high  speed  electronic  processors 

The  optical  flip-flops  of  O'Brien  [93]  and  Sengupta. 
Gerlach,  and  Collins  [94]-]%]  make  use  c  optical  intercon¬ 
nections  (of  optical  gates  on  an  LCLV)  although  the  number 
of  gates  is  small  and  the  interconnections  are  arrangements 
of  multiple  mirrors.  Some  more  complex  extensions  of 
these  ideas  to  the  design  of  digital  optical  shift  registers  and 
accumulators  have  also  been  proposed  bv  Fatehi  et  at  [104] 

Ferrano  and  Hausler  described  an  optical  feedback  sys¬ 
tem  in  which  a  TV  camera  views  a  monitor  displaying  the 
output  of  the  camera  [105],  [106]  They  describe  several 
techniques  of  parallel  analog  and  digital  optical  signal 
processing  that  can  be  implemented  For  digital  processing, 
the  TV  frame  is  divided  in  half  and  a  lenslet  array  is  used  lo 
define  an  array  of  spatially  separated  pixels  Using  simple 
optics  and  modifications  to  the  Tv  scanning  svslem,  an 
jrrav  of  independent  binary  flip-flops  is  conslrucled. 

A  digital  sequential  logic  system  consisls  of  a  combina¬ 
torial  logic  circuit  combined  with  feedback  Thus  Ihe  over¬ 
all  system  has  memory  capabilities  and  ns  output  w.li 
generally  depend  on  past  and  current  inputs  Barr  and  I  c° 
[107]  have  described  a  sequential  logic  system  with  an 
optical  arrav  of  gates  and  optical  interconnections  The 
svstem  consists  of  an  optical  logic  unii  a  set  ol  optical 
memory  units,  electrooptic  shutters,  beam-steering  mirrors 
ana  a  microprocessor  controller  The  logic  and  memorv 
units  are  constructed  as  8  X  8  segmented  LC  eloctrooptu 
logic  arrays,  similar  to  those  described  in  [67],  [68]  those 
units  used  as  memories  have  their  own  feedback  loops.  The 
svstem  functions  as  a  cellular  logic  processor  and  performs 
parallel  binary  picture  processing  operations 

In  the  next  section,  we  descnhp  an  optical  sequential 
logic  system  constructed  at  USC  that  allows  arbitrary  mier- 
connections  between  gates 

5.  Frre-lnterconnection  Sequential  Optical  Processor 

We  described  in  Section  i|f-D  how  spatially  parallel  opti¬ 
cal  threshold  functions  could  be  used  to  implement  binary 
logical  operations  In  this  section  we  descuhe  liovv  such  an 
array  has  been  combined  with  a  general  optical  intercon¬ 
nection  scheme  to  produce  an  optical  binary  sequential 
logic  system  [33],  [108]  [  109] 

A  schematic  diagram  of  the  system  is  shown  in  fig  21 
The  two  main  components  are  a  spatially  parallel  array  of 
optically  implemented  independeri!  binary  gales,  and  an 
optical  interconnection  unit  that  directs  some  ol  Ihe  signals 
on  the  output  side  of  the  gate  array  back  lo  the  input  side 
of  the  gate  array  In  the  particular  experimental  system  built 
at  USC,  the  gate  array  is  the  active  area  of  a  Hughes  -IS 
degree  twisted  nematic  LCLV  The  lighl  valve  is  biased  so 
that  each  gate  implements  a  nob  operation,  which  is  a 
complete  logical  set  for  the  construe  lion  of  any  combma- 
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tori.il  logic  function  The  operation  of  this  deuce  lor  com¬ 
binatorial  logic  is  essentially  identic  il  to  the  system  de¬ 
scribed  m  Section  lll-D.  It  is  noteworthy  that  the  same 
cui'.eiength  oi  illumination  is  used  at  the  input  and  output 
or  bus  LCLV  deuce,  m  this  case  514  5  nm. 

The  optical  interconnection  unit  in  fig  21  is  a  computer- 
generated  hologram  that  serves  as  a  beam-steering  element 
;o  arbitrarily  interconnect  gate  outputs  to  gate  inputs  The 
hologram  is  effectively  the  wiring  pattern  interconnecting 
gates  on  the  optical  chip  (the  LCLV  gate  array).  Use  of  the 
hologram  allows  both  local  and  global  interconnections  on 
the  chip  because  light  beams  corresponding  to  different 
wires  can  propagate  through  each  other  without  inter¬ 
ference  and  come  to  a  focus  on  the  input  side  ot  the  LCLV. 
This  lacs  of  interference  is  a  distinct  advantage  over  inter¬ 
connections  with  metallic  wiring  for  electronic  chips  and 
optical-fiber  wiring  for  optical  chips.  Another  advantage  ot 
the  system  in  Fig  21  is  that  parallel  input-output  to  the 
processor  is  oossible  by  controlling  inputs  to  the  optical 
chip  and  intercepting  outputs  of  the  chip.  In  principle,  a 
very  large  array  of  optical  gates  (more  than  10°)  could  be 
implemented  on  t he  chip,  subject  to  space-bandwidth 
constraints  of  the  gate  array  and  interconnection  hologram, 
it  is  interesting  to  note  that  the  entire  system  can  be 
rewired  or  reconfigured  by  physically  changing  the  holo¬ 
gram  or  by  writing  the  hologram  in  an  optically  or  electron¬ 
ically  alterable  material  that  can  be  modified  at  higher 
speeds  As  discussed  in  Section  V  of  this  paper,  this  free- 
mterconneclion  flexibility  leads  to  new  types  of  computer 
architectures  that  avoid  some  existing  processing  bot¬ 
tlenecks. 

Experimental  System :  An  experimental  sequential  opti¬ 
cal  system  like  that  in  Fig.  21  was  constructed  to  demon¬ 
strate  the  concept.  The  system  has  16  gates  arranged  on  a 
Hughes  45  degree  twisted  nematic  LCLV,  The  light  valve  is 
read  out  between  crossed  polarizers  and  has  a  steady-state 
input-output  relationship  shown  in  Fig.  12.  This  response 
implements  a  parallel  nor  operation  arid  satisfies  certain 
signal-regenerahon  criteria  discussed  in  detail  elsewhere 
(33]. 

The  gates  are  interconnected  with  a  binary  version  of  the 
lee  computer-generated  hologram  [110J.  In  a  Lee  hologram, 
each  complex-valued  sample  is  described  by  a  linear  combi¬ 
nation  of  lour  real  nonnegative  numbers,  i.e.,  is  decom¬ 
posed  into  its  components  along  each  of  the  four  half-axes 
in  the  complex  plane  Each  cell  of  the  hologram  is  divided 
into  four  subcells,  one  subcell  for  each  of  these  four  com¬ 
ponents  One  complex-valued  sample  is  taken  at  the  center 
of  each  subcell  Stored  in  path  subcell  is  the  corresponding 


componei.  of  its  complex-valued  sample  B-ruu-e  ot  the 
locations  of  these  subcells,  upon  taxing  the  optn  at  Fourn-r 
transform,  these  four  components  are  added  with  the  ■  or  - 
reel  phases  to  obtain  the  re<  on-trix non  ,n  the  t’.C)  M 
traded  order.  If  tfie  transmittance  of  the  hologram  is  i.-marv 
valued,  each  subcell  actually  contains  a  «o« tangle  whose 
width  is  equal  to  the  -ubcell  width  and  who-o  height  w 
proportional  to  the  value  of  the  corresponding  s-mp1'.: 
component  (Fig  22). 


Fig.  22.  Resolution  cell  et  the  Lee  i  .imputer-geni  wd  ho¬ 
logram  with  binary-valued  transmittance  l.-ua'ls  J  -  J' 

For  the  hologram  used  in  this  experiment,  the  tran-ont- 
tance  is  binary  valued  and  these  values  are  represented  bv 
different  optical  path  lengths,  i  e.,  a  phase  hologram.  It  the 
optical  path  lengths  differ  by  a  phase  of  it.  the  theon: heal 
efficiency  of  the  hologram  is  four  times  that  ot  dip  equiva¬ 
lent  absorption  hologram  A  possible  tradeoff  is  that  the 
(0, 0)-order  intensity  mav  increase  b'-  more  than  a  factor  of 
four. 

The  hologram  was  written  onto  photoresist  via  electron- 
beam  lithography.  Surface  relief  of  the  photoresist  provides 
the  optical  path  length  difference  in  the  hologram  The 
electron-beam  machine  used  has  a  step  size  of  0  '25  /mi 
and  has  written  patterns  with  linewidths  as  small  as  0.5  gm 
It  writes  1.024  x  1,024  mm  fields  and  can  stitch  them  to¬ 
gether  to  cover  a  maximum  area  of  102  x  102  mm 
machine  provides  a  far  greater  space-bandwidth  product 
than  was  needed  for  our  test  circuit,  although  its  capabili¬ 
ties  would  eventually  be  required  for  a  very  largc-si a 
system. 

Our  test  circuit  comprises  16  gates  so  the  hologram 
comprises  16  subholograms,  which  are  laid  out  in  a  4  by 
array.  Each  subhologram  coveis  a  circular  area  and  ha- 
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diameter  of  1  04  mm.  Each  cell  'is  a  square  62.5  |im  on  a 
side,  so  there  are  a  maximum  of  17  cells  (68  subcells)  across 
each  subhologram  in  the  horizontal  direction  Each  subcell 
has  a  width  of  approximately  15  6  /am,  or  125  steps  of  the 
electron-beam  system,  and  has  a  height  of  500  steps,  both 
dimensions  have  more  steps  than  were  needed.  251  a  no¬ 
tation  levels  were  used  for  each  subcell  sample,  keeping 
the  apertures  centered  in  each  subceil.  References  [33]  and 
[77]  contain  scanning-electron  micrographs  of  the  holo¬ 
grams  and  details  on  their  theoretical  and  experimental  SNR 
and  efficiency. 

A  diagram  of  the  mam  components  of  the  sequential 
logic  system  is  shown  in  Fig.  23.  An  expanded  Ar-ion  laser 


fig.  23.  Experimental  system  Lens  i2  images  from  the  ICLV 
gate  output  plane  (LC  plane)  to  the  hologram  plane  Lens  L  j 
provides  a  Fourier  transform  from  the  hologram  plane  to  the 
LCLV  gate  input  plane.  The  hologram  comprises  an  array  of 
subholograms 


beam  is  incident  on  the  readout  side  of  the  LCLV  (gate 
output  plane).  It  is  reflected  from  the  internal  mirror  of  the 
LCLV  and  is  imaged  from  the  LC  (gate  output)  plane  to  the 
hologram  via  The  LC  plane  is  situated  between  crossed 
polarizers.  The  Fourier  transform  of  the  field  transmitted  by 
the  hologram  appears  at  the  write  side  of  the  LCLV  (gate 
input  plane)  via  i3.  The  pha‘e  of  the  illumination  at  the 
gate  input  plane  is  not  correct,  but  only  the  intensity  is  of 
interest.  Note  that  the  Fourier  transform  relationship  pro¬ 
vides  for  complete  regeneration  of  spot  location  during 
each  pass  through  the  feedback  loop.  In  addition,  since  the 
subholograms  are  not  contiguous,  a  mask  is  effectively 
incorporated  into  the  hologram.  This  provides  regeneration 
of  the  size  and  shape  of  each  pixel,  and  also  facilitates 
alignment. 

A  diffuser  is  placed  just  in  front  of  the  LCLV  gate  input 
plane  in  order  to  average  over  the  fringe  patterns  that  may 
result  from  coherent  interference.  This  is  not  necessary 
when  the  pixels  are  small  enough  for  the  fringe  patterns  to 
be  beyond  the  resolution  limit  of  the  device.  Since  a  phase 
hologram  was  used  and  the  effects  of  the  (0,0)  diffracted 
order  were  of  concern,  an  aperture  was  used  as  a  spatial 
filter  at  P  to  filter  out  diffraction  effects  from  the  limiting 
aperture.  The  (-1.0)  diffracted  order  in  the  hologram  re¬ 
construction  can  be  used  to  monitor  the  gate  inputs  during 
system  operation.  The  gate  outputs  can  also  be  probed  by 
using  a  reflection  from  the  analyzer  or  the  hologram. 

For  purposes  of  demonstration,  a  test  circuit  (shown  in 
Fig  24)  was  chosen  and  a  hologram  with  the  appropriate 


Fig.  24.  Test  circuit  consisting  of  a  synchronous 
master-slave  flip-flop  with  driving  clock. 


interconnection  pattern  was  then  generated  The  test  circuit 
includes  a  synchronous  master-slave  flip-flop  and  a  driving 
clock.  The  clock  circuit  is  a  ring  oscillator  consisting  of  an 
odd  number  of  inverters.  Clock  circuits  with  three  gates  and 
with  five  gates  have  been  implemented.  The  flip-flop  func¬ 
tions  as  a  frequency  divider  and  outputs  a  signal  whose 
frequency  is  half  that  of  the  clock  and  whose  duty  cycle  is 
close  to  50  percent. 

Fig.  25  shows  the  spatial  arrangement  of  the  16  numbeied 
gate  outputs  corresponding  to  the  circuit  diagram  of  Fig  24. 
The  circuit  cycles  among  four  distinct  states  which  aic 
shown  in  Fig.  25.  This  figure  shows  the  optical  binary 
signals  at  the  output  side  of  the  LCLV.  In  this  system  the 
frequency  of  oscillation  of  the  clock  circuit  with  five  gates 
was  extremely  slow — 2.65  Hz.  The  speed  is  entirely  limited 
by  the  temporal  characteristics  of  the  LCLV  The  particulai 
LCLV  used  here  was  extremely  slow,  having  a  characteristic 
response  time  of  more  than  300  ms,  thus  accounting  foi  the 
very  slow  oscillation.  A  similar  3-gate  clock  oscillated  at  6.3 
Hz.  In  principle,  the  circuit  should  perform  the  same  logical 
operation  at  a  much  higher  speed  by  replacing  the  LCLV 
with  a  faster  device  based  on  LC  or  other  technology  For 
very  fast  SLMs,  the  optical  path  length  of  the  interconnec¬ 
tion  system  eventually  must  be  considered  Details  of  out¬ 
put  waveforms  and  other  experimental  measurements  aie 
described  in  [33],  In  the  next  few  sections,  we  discuss 
details  of  particular  holographic  interconnection  method? 
that  can  be  used  in  the  free-interconnection  sequential 
processor 

Space-Variant  Interconnection  The  sequential  optical 
logic  processor  as  described  previously  allows  completely 
arbitrary  interconnections.  Each  gate  has  a  separate  sublio- 
logram  associated  with  it,  and  each  subhologram  encodes  a 
different  interconnection  pattern  If  the  interconnection 
pattern  associated  with  a  given  point  or  gate  is  considered 
to  be  an  impulse  response  or  point-spread  function  (P$l ) 
then  the  system  can  be  characterized  as  a  geneial  space- 
variant  imaging  system  shown  schematically  in  Fig  26  The 
reconstructed  images  are  simple  dot  patterns,  each  il 
luminating  a  gate  input.  As  shown  in  Fig  26,  the  desired 
interconnections  are  formed  in  one  particular  diffraction 
order.  Typically,  a  conjugate  image  will  also  be  produced, 
and  this  can  be  used  to  probe  the  system  without  affecting 
its  operation  or  to  access  the  system  outputs 
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fig.  25.  Optical  sequential  logic  output  The  spatial  arrangement  of  the  16  numbered  gate 
outputs  are  shown  on  the  left. 


ARRAY 

fig.  26.  Space-variant  interconnection  system.  In  general 
the  hologram  produces  multiple  diffraction  orders,  only  one 
of  which  is  used. 


With  the  space-variant  interconnection  approach,  the  de¬ 
signer  has  essentially  unlimited  freedom  in  choosing  an 
architecture  to  suit  his  needs.  The  limitation  with  this 
technique  is  in  the  space-variant  element.  The  system  de¬ 
scribed  here  uses  a  multi-element  computer-generated  hol¬ 
ogram  The  number  of  subholograms  is  equal  to  iV, 
the  number  of  gates,  and  each  subhologram  must  have 
an  SBWP  of  order  N  to  allow  arbitrary  addressing.  Thus  the 
SBWP  of  the  hologram  is  proportional  to  N2.  Since  the 
SBWP  of  the  hologram  is  restricted  by  available  recording 
devices,  this  limits  the  number  of  gates  which  can  be 
implemented.  Calculations  indicate  that  with  current  plot¬ 
ting  capabilities,  the  limit  on  N  is  on  the  order  of  10  4  gates 
[108],  [109].  Additional  details  on  crosstalk  and  design  con¬ 
siderations  are  described  in  [111]. 

Space- Invariant  Interconnections:  A  large  increase  in  the 
number  of  gates  is  possible  at  the  expense  of  a  fixed,  highly 
regular  interconnection  pattern.  The  extreme  case  is  a  to¬ 
tally  space-invariant  interconnection  shown  schematically 
in  Fig.  27.  This  interconnection  is  optically  implemented 
with  one  simple  Fourier  plane  hologram  for  the  entire 
circuit.  The  PSF  of  the  system  is  a  fixed  interconnection 


Fig.  27.  space-invanant  interr  onnection  system. 


Fig.  28.  Example  of  a  gate  array  with  space-invariant  inter¬ 
connections.  The  free  inputs  are  enable  inputs. 

pattern  which  is  the  same  for  every  gate  output.  Thus  the 
gate  inputs  are  addressed  relative  to  the  position  of  the  gate 
output,  as  compared  to  the  absolute  addressing  of  space- 
invariant  interconnections. 

F>g-  28  shows  an  example  of  a  space-invariant  array  of 
nand  gates.  Each  gate  is  shown  with  an  additional  input 
if. at  serves  as  an  enable/disable  signal,  so  that  a  particular 
circuit  is  implemented  by  disabling  the  appropriate  gates 
For  nand  gates,  a  gate  is  enabled  by  projecting  an  optical 
signal  onto  the  enable  input.  An  obvious  limitation  is  that 
circuits  with  irregular  structure  will  require  many  gales  to 
be  disabled.  An  advantage  is  that  for  interconnecting  N 
gates,  only  one  interconnection  pattern  is  needed,  so  that 
5BWP  of  the  hologram  required  is  roughly  N,  or  10"  g.it<-s 
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with  current  hologram  plotting  systems.  With  this  type  of 
interconnection,  the  SBWP  of  the  parallel-gate  array  is  gen¬ 
erally  the  limiting  factor  References  [108]  and  [109]  describe 
cellular  logic  [112]  and  other  parallel  processing  operations 
that  can  be  implemented  with  space-invariant  interconnec¬ 
tions. 

Hybrid  (Basis-Set)  Interconnection:  In  many  instances, 
neither  the  direct  space-variant  nor  the  space-invariant  ap¬ 
proaches  may  be  well  suited  for  interconnections.  For  ex¬ 
ample,  a  system  that  requires  a  very  large  number  of  gates 
which  cannot  be  interconnected  in  a  regular  fashion  is 
difficult  to  implement  with  either  appioach  described 
above.  In  these  cases,  a  hybrid  or  basis-set  approach  that 
combines  the  space-variant  and  space-invariant  techniques 
can  be  used  [108],  [109],  [111].  The  idea  is  to  define  a  finite 
number  M  of  distinct  interconnection  patterns  as  PSFs,  and 
then  assemble  the  circuit  using  only  these  M  patterns.  We 
generally  expect  that  M  will  be  much  less  than  N,  the 
number  of  gates.  If  the  necessary  set  of  PSFs  is  defined,  it 
may  be  possible  to  determine  a  basis  set  of  lower  dimen¬ 
sionality  that  achieves  all  interconnections.  If  so,  it  is  easier 
to  store  the  set  of  basis  elements  rather  than  store  the  PSFs 
directly.  Of  course,  in  this  case,  the  coefficients  for  each 
gate  must  be  stored  along  with  the  basis  elements. 


Fig.  29.  Hybrid  (basis-set)  interconnection  system  The  first 
hologram  is  a  space-variant  element  as  in  Fig.  76  that  stores 
the  coefficients  for  each  gate  output  The  second  hologram 
is  an  array  of  space-invariant  filters  that  stores  the  intercon¬ 
nection  basis  functions 

Fig.  29  schematically  depicts  an  optical  system  which  uses 
the  basis  function  approach  Two  holograms  are  used.  The 
second  hologram  is  a  composite  hologram  consisting  of 
one  subhologram  for  each  basis  element  The  first  hologram 
is  also  a  composite  hologram  with  one  subhologram  for 
each  gate  in  the  array.  Each  subhologram  records  the  basis 
function  coefficients  for  the  corresponding  gates  The  sub¬ 
hologram  essentially  diffracts  the  light  from  the  gate  to  all 
J  the  appropriate  basis  elements  with  the  proper  relative 
strengths  For  this  case,  if  there  are  approximately  AT  -  50 
basis  elements  required,  then  on  the  order  of  N  -  10  gates 
can  be  implemented  with  current  hologram  generation 
techniques  As  before,  the  limiting  factor  on  the  number  of 
gates  is  the  device  implementing  the  gates  rather  than  the 
interconnection  elements  [108],  [109]  Thus  with  this  ap¬ 
proach  the  designer  has  some  minor  limitations  on  the 
interconnections  which  can  be  used,  but  he  has  a  poten¬ 
tially  large  number  of  gates  at  his  disposal 
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Of  course,  other  interconnection  schemes  are  possible 
and  each  will  present  the  designer  with  its  own  set  of 
constraints  and  freedoms  In  the  end,  one  must  pic's  an 
approach  which  is  best  matched  to  the  problem  at  har  d 

C.  Chip-to-Chip  Communications 

At  the  intermediate  level  of  the  communications  hierarchy 
is  the  need  for  high-bandwidth  chip-to-chip  interconnec¬ 
tions.  With  advances  in  VLSI  electronic  chips,  inexpensive 
processors  are  now  available.  The  demand  for  increased 
processing  power  has  led  to  the  desire  to  interconnect  laige 
numbers  of  processors  which  can  work,  concurrently  in 
these  systems,  the  interconnection  network  is  a  critical 
element. 

There  are  currently  significant  limitations  on  the  number 
of  pins  available  for  input-output  on  electronic  chips  To 
avoid  these  difficulties  intensive  on-chip  multiplexers  and 
demultiplexers  are  required  to  compress  parallel  signals  mto 
a  serial  form.  This  greatly  reduces  the  effective  inpul-out¬ 
put  bandwidth  and  takes  up  valuable  gate  area  on  the  chip 
In  effect,  a  single  chip  can  interconnect  with  only  a  small 
number  of  parallel  lines  even  though  it  may  be  capable  of 
highly  parallel  processing  internally. 

Optics  offers  some  parallel  techniques  of  chip-to-chip 
interconnection  for  both  optical  and  electronic  logic  sxs- 
tems.  One  possible  approach  is  illustrated  in  Fig  30.  Here  a 
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Fig.  30.  Chip-to-chip  interconnection  ol  an  optical  gale 
array  with  a  computer-generated  hologram 

hologram  serves  as  a  chip-to-chip  interconnection  unit  simi¬ 
lar  to  its  use  in  the  optical  sequential  logic  processor 
described  in  the  previous  section  The  individual  gales  on 
the  chips  can  be  optical,  or  they  can  be  electionic  gates 
connected  by  integrated  optical  sources.  The  hologram 
directs  the  parallel  set  of  optical  signals  to  another  chip 
where  they  are  utilized  directly  in  optical  logic  or  delected 
and  converted  to  electronic  form  for  VLSI  chips  Here  the 
input-output  is  completely  parallel,  allowing  the  transfer  of 
entire  two-dimensional  data  arrays  such  as  images  Various 
interconnection  holograms  such  as  space-variant,  space-in¬ 
variant,  and  hybrid  methods  can  be  adapted  io  this  prob¬ 
lem. 

Goodman  has  described  a  related  set  of  optical  chip-to- 
chip  interconnection  techniques  [98]  and  we  also  note  that 
the  parallel-gate  array  cellular  logic  processing  system  ol 
Barr  and  Lee  [107]  can  be  utilized  in  a  similar  way 

In  the  next  section,  we  describe  some  techniques  of 
interconnection  at  the  processor-to-processor  level.  Many 
VLSI  electronic  chips  are  actually  self-contained  processors 
themselves,  so  that  the  distinction  between  chip  and 
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processor  is  no  longer  well  defined.  Many  of  the  processor - 
to-processor  interconnection  schemes  described- would  also 
be  valuable  at  the  chip-to-chip  level. 

q  processor- to- Processor  Communications 

At  this  highest  level,  a  relatively  smaller  number  of  inter¬ 
connections  are  required,  but  they  should  have  a  very  large 
bandwidth.  Fiber-optics  communication  links  are  already 
finding  use  in  connecting  computers  with  each  other  and 
with  peripheral  equipment.  They  provide  high-bandwidth 
links  with  good  interference  immunity,  although  they  even¬ 
tually  suffer  from  the  limitations  of  electronic  buses  in  that 
only  a  small  number  of  devices  actively  communicate  at  any 
time  and  that  processing  overhead  is  required  to  implement 
protocols. 

In  many  instances  where  the  processors  perform  a  single 
function  the  interconnection  network  itself  defines  the 
operation.  Thus  a  tree  network  [113]  is  used  for  sorting 
problems  and  systolic  networks  [99],  [100]  are  used  for  many 
matrix  operations.  The  tree  and  systolic  networks  are  gener¬ 
ally  fixed  structures  which  perform  a  fixed  operation.  Ide¬ 
ally,  one  would  like  to  have  a  dynamic  structure  that  could 
be  reconfigured  to  meet  the  users'  needs.  Such  networks 
are  the  subject  of  considerable  research  currently. 

A  general-purpose  dynamic  network  is  the  crossbar  switch 
shown  m  Fig.  31.  This  switch  allows  any  of  N  inputs  to  be 


NJ  switches 


Fig.  31.  Crossbar  interconnection  network. 


connected  to  any  of  N  outputs.  Although  this  is  the  most 
general  switch  one  would  normally  need,  it  is  seldom 
implemented  because  of  the  large  hardware  requirements 
(/V  switches).  Instead,  considerable  research  has  been  de¬ 
voted  to  devising  simpler  networks  such  as  the  Baseline 
network  [114],  the  Omega  network  [115],  the  binary  n-Cube 
network  [116],  the  Banyan  network  [117],  and  the  shuffle 
exchange  network  [118],  [119].  These  networks  generally 
require  less  hardware  than  the  crossbar  network  and  also 
provide  less  performance.  Since  the  crossbar  and  other 
networks  are  fixed  for  a  given  computation  and  are  only 
changed  infrequently,  the  emphasis  on  implementing  these 
systems  is  on  parallelism  or  number  of  channels,  rather  than 
on  speed.  Optical  approaches  to  implementing  the  crossbar 
would  appear  to  be  a  viable  solution  to  the  interconnection 
problem.  In  fact,  optical  systems  which  have  been  devel¬ 
oped  for  matrix-vector  multiplication  [120]-[123]  are  readily 
adapted  to  function  as  crossbar  switches.  The  "matrix"  for  a 


crossbar  switth  contains  only  binary  entries,  a  I  represent¬ 
ing  a  connection  and  a  0  implies  no  connection  The  V 
inputs  comprise  the  multiplying  vector  and  the  N  outputs 
constitute  the  resultant  vector  With  a  real-time  dev  no 
representing  the  matrix  these  systems  become  dynamic 
crossbar  switches. 

An  optical  interconnection  network  has  been  imple¬ 
mented  by  Tapma  cf  at  [124]  They  use  an  optical  system  to 
connect  a  large  number  of  processing  units  to  a  large 
number  of  memory  units  They  broadcast  the  signals  opti¬ 
cally  so  that  no  wiring  is  required. 


V.  Architectures  and  Algorithms 

The  use  of  optical  systems,  in  particular  highly  parallel 
systems,  leads  to  certain  implications  in  the  design  of  com¬ 
puting  hardware.  Some  general  comments  about  these  im  ¬ 
plications  follow  in  this  section.  A  similar  but  somewhat 
different  perspective  is  given  by  Huang  [1251. 

In  the  early  days  of  computer  development,  the  hardware 
for  both  gates  and  for  the  gate  interconnections  was  expen¬ 
sive.  Thus  a  computer  design  evolved  which  minimized  the 
hardware  requirements.  These  requirements  have  led  to  the 
classical  von  Neumann  computing  system  architecture 
shown  in  Fig.  32.  In  a  von  Neumann  machine,  all  of  the 
processing  logic  is  contained  in  the  central  processing  unit 
(CPU)  and  the  memory  is  located  almost  entirely  in  a 
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Kg-  32.  Von  Neumann  computer 


separate  unit.  Input-output  is  generally  performed  by  the 
CPU  or  by  a  system  closely  coupled  to  the  CPU.  The  CPU 
accesses  the  memory  through  a  binary  addressing  unit  and 
memory  contents  are  returned  to  the  CPU  through  a  single 
or  small  number  of  lines.  This  multiplexing  scheme  reduces 
the  communications  requirements  and  minimizes  the  num¬ 
ber  of  lines.  This  serial  addressing  of  memory  results  in  a 
tradeoff  of  time  for  interconnection  complexity  The  even¬ 
tual  limitation  on  computing  speed  is  known  as  the  von 
Neumann  bottleneck.  Current  high-performance  electronic 
computers  operate  with  very  short  clock  cycles,  this  means 
that  coaxial  electronics  with  very  short  physical  wire  lengths 
are  needed  to  avoid  electromagnetic  interference  (EMI), 
crosstalk,  and  clock  skew  problems.  The  coaxial  electronics 
for  interconnections  requires  terminating  resistors  on  the 
ends  of  cables,  further  reducing  system  energy  efficiency 
With  the  development  of  integrated  circuitry  and  VLSI, 
the  situation  has  changed  considerably  In  VLSI,  gates  are 
relatively  cheap  while  communication  lines  are  relatively 
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(Expensive.  Even  with  this  modified  cost  function,  the  von 
Neumann  structure  is  still  reasonable;  however,  alternative 
architectures  also  become  viable  if  they  minimise  com¬ 
munication  at  the  expense  of  adding  more  gates  An  exam¬ 
ple  of  a  non  von  Neumann  architecture  is  the  systolic  array 
[90],  [ICO],  Systolic  arrays  have  a  large  number  of  processors 
with  very  little  memory  at  each  The  signals  flow  through  a 
highly  regular  two-dimensional  array  of  processors  in  a 
pipelined  fashion  An  opposite  approach  is  to  have  numer¬ 
ous  local  memories,  say  one  for  each  processor.  Here  the 
total  system  memory  has  a  large  amount  of  redundancy  in 
order  to  minimize  communications  at  the  expense  of  extra 
hardware. 

With  optical  systems,  the  situation  is  again  changed.  Here 
communications  can  be  considered  cheap.  Depending  upon 
the  exact  implementation,  gates  can  be  considered  either 
cheap  or  moderately  expensive.  In  this  case,  the  computer 
designer  would  consider  architectures  that  minimize  hard¬ 
ware  redundancy  by  utilizing  the  freedom  to  make  arbitrary 
connections.  Such  a  processor  could  consist  of  a  system  of 
several  processors  and  memory  elements  interconnected 
with  a  fixed  network  or  dynamic  crossbar  switch. 

Another  type  of  digital  optical  processor  is  the  non  von 
Neumann  system  shown  in  Fig.  33.  In  this  computer,  all 
memory  elements  are  accessible  in  parallel.  With  the  avail¬ 
ability  of  relatively  cheap  interconnections,  the  input-out¬ 
put  shown  as  part  of  the  CPU  in  Fig.  33  can  be  separated,  as 
shown  in  Fig.  34,  allowing  direct  parallel  communication 
among  all  three  parts  of  the  computing  system.  The  mem¬ 
ory,  CPU.  and  input-output  systems  in  Fig.  34  themselves 
consists  of  gates  and  internal  interconnections;  we  redraw 
this  block  diagram  to  separately  emphasize  the  gates  and 
interconnections  to  produce  the  free-interconnection  archi¬ 
tecture  realization  shown  in  Fig.  35.  Here  memory,  CPU, 
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Fig.  35.  The  free-interconnection  non  von  Neumann  com¬ 
puter  of  Fig,  34  reconfigured  as  a  sequential  optical  processor 


and  input-output  subsystems  can  be  considered  essentially 
indistinguishable  portions  of  a  large  optical  gate  array  (chip), 
while  the  interconnections  provide  communication  with 
and  among  subsystems.  The  processor  shown  in  Fig.  35  is 
essentially  the  sequential  optical  logic  system  described  in 
Section  IV-B. 

Parallel  optical  computing  architectures  will  strongly  in¬ 
fluence  algorithms  for  computationally  intensive  tasks.  Some 
particularly  interesting  applications  are  in  image  analysis 
and  image  understanding,  where  cellular  logic  arrays  could 
be  implemented  in  an  optical  parallel  processor.  Another 
important  application  is  in  artificial  intelligence,  where 
computational  demands  are  extreme.  Optical  computers 
could  be  used  to  rapidly  implement  associative  memory 
and  symbolic  substitution  operations  important  for  produc¬ 
tion  rule  based  algorithms. 


VI.  Limitations 

To  complete  this  paper  on  optical  computing,  we  briefly 
discuss  limitations  on  the  technology.  These  limitations  can 
be  addressed  at  several  levels  from  the  fundamental  physi¬ 
cal  limitations  to  practical  limitations  imposed  by  current 
devices  or  system  configurations  [34],  [35],  [55],  [5b],  [ST], 
[85],  [126],  [127], 

The  ultimate  limits  are  those  imposed  by  quantum  me¬ 
chanics  and  thermodynamics  [88],  [126).  These  limits  are 
fixed  and  unalterable.  From  a  quantum-mechanical  stand¬ 
point  we  can  say  that  information  about  a  given  logic  slate 
is  carried  by  discrete  elements,  photons  in  oor  case,  each 
having  energy  hr,  where  h  is  Planck's  constant  and  r  is  the 
optical  temporal  frequency.  Because  of  the  statistical  naluio 
of  these  information  carriers,  there  is  a  minimum  number 
required  on  the  average  to  reliably  define  a  given  stale  or 
state  transition  The  exact  number  required  depends  upon 
the  reliability  criterion  and  the  statistical  model,  however  a 
minimum  of  ICO  photons  would  be  a  typ'cal  number  lo 
establish  a  state  reliably  Anothpr  quantum  limit  is  thal  any 
stable  switching  operation  necessarily  dissipates  a  mini¬ 
mum  energy  h/r,  where  r  is  the  switching  time  The 
thermodynamic  limit  is  set  by  thermal  noise,  which  will 
cause  unwanted  state  transitions  unless  the  transition  en¬ 
ergy  is  significantly  greater  than  kT,  where  k  is  Boltzmann's 
constant  and  T  is  the  absolute  temperaiurc  In  optic.il 
systems,  the  quantum  limit  dominates  since  the  photon 
energy  hr  is  -  100 kT  for  visible  photons 

No  systems  currently  approach  Ihe  quantum  limit*,  and 
will  not  in  the  foreseeable  future  In  practice  we  can  point 
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to  other  (actors  which  currently  set  the  limits  on  the  perfor¬ 
mance  of  optical  logic  systems.  These  limits  are  closely 
related  to  current  device  characteristics.  A  primary  concern 
is  heat  dissipation,  which  is  a  severe  problem  because 
ener°y  consumption  in  practical  systems  far  exceeds  the 
quantum  limits.  Heat  dissipation  becomes  a  problem  when 
combined  with  the  requirement  of  high  gate  packing  densi¬ 
ties.  In  turn,  the  need  for  high  gate  densities  is  ultimately 
driven  by  time  constraints  on  the  communication  intercon¬ 
nections.  For  optical  logic  systems  based  on  absorption 
nonlinearities,  heat  dissipation  is  probably  the  limiting  fac¬ 
tor  and  optical  systems  compare  unfavorably  with  elec¬ 
tronic  systems  [34],  [55],  [56],  However,  the  situation  may  be 
different  for  systems  based  on  reactive  nonlinearities  and 
resonant  structures  where  absorption  in  the  device  is  low 
and  heat  can  be  dissipated  external  to  the  logic  elements 
(35 1,  (83|,  [126],  (127].  It  has  been  shown  in  the  past  few 
years  that  limitations  in  this  area  are  not  fundamental,  but 
rather  are  technology  dependent,  thus  they  can  change 
dramatically  with  innovations  in  the  field. 

There  are  also  practical  limitations  which  are  hed  to  the 
overall  system  design.  These  are  primarily  communication 
limits.  The  lengths  of  communication  line'-  -id  the  corre¬ 
sponding  signal  transit  times  determine  the  r'.nimum  cycle 
time.  As  discussed  previously,  communication  limitations 
for  optical  systems  differ  significantly  from  electronic  sys¬ 
tems.  if  one  utilizes  three-dimensional  interconnection  net¬ 
works  between  planar  gate  arrays.  However,  the  effective 
distance  between  planes  still  determines  th  .-  minimum  cycle 
time  and  should  be  kept  as  short  as  possible  For  a  given 
communication  distance,  however  the  optical  system  has  a 
faster  minimum  cycle  time  because  communicating  over 
electronic  lines  involves  charging  and  discharging  capaci¬ 
tances. 

vit  Future  needs  and  Conclusions 

In  this  paper  we  have  reviewed  optical  logic  elements 
and  digital  optical  computing  systems.  It  is  evident  that 
much  more  work  is  needed  on  basic  research  and  develop¬ 
ment  efforts  on  both  the  devices  and  systems. 

We  summarize  here  a  few  thoughts  about  desirable  prop¬ 
erties  for  optical  logic  elements.  Devices  with  a  fast  switch¬ 
ing  time  and  low  power  consumption  per  bit  are  needed  to 
be  competitive  with  electronic  devices.  It  is  desirable  to 
have  input  and  output  signals  represented  by  the  same 
optical  wavelengths  to  allow  cascading  of  switching  stages, 
and  it  is  desirable  to  avoid  photon-electron-photon  con¬ 
versions  to  improve  switching  speed  and  energy  efficiency. 
A  complete  logical  set  can  be  achieved  with  nor.  nand, 
and  other  types  of  logical  elements  [112];  all  16  two-variable 
binary  logic  functions  are  probably  not  needed  or  wanted. 
Easy  fabrication,  high  packing  density,  and  room-tempera¬ 
ture  operation  of  arrays  of  devices  is  very  desirable;  these 
arrays  must  also  allow  easy  nonplanar  interconnections  on- 
chip  and  off-chip.  A  useful  practical  system  that  might  be 
constructed  as  an  optical  computer  is  a  parallel  cellular 
logic  processor  for  an  image  with  500  X  500  pixels  [112], 
such  a  processor  might  have  40  gates  per  pixel,  or  a  total  of 
TO  gates.  This  number  is  not  an  unreasonable  goal  for  a 
device  array. 

At  the  systems  level  we  have  seen  that  optical  computing 
systems  differ  fundamentally  from  electronic  systems.  One 


56 

important  principle  is  (hat  optical  computers  should  not  in¬ 
built  by  merely  replacing  electronic  devotes  with  optical 
devices.  Designing  an  optical  logic  system  inquires  a  n»w 
set  of  cost  functions  for  trading  off  gate  count  and  intercon¬ 
nection  complexity.  These  different  design  criteria  lead  to 
new  architectures  for  logic  systems  and  make  optical  imple¬ 
mentations  attractive  where  electronic  implementations 
would  be  impractical.  Designs  which  are  interconnection 
intensive  ran  often  be  easily  mapped  onto  relatively  simple 
optical  systems,  whereas  interconnection  limitations  are 
already  severely  restricting  VISI  design  Optical  computing 
offers  the  possibility  ot  non  von  Neumann  parallel  architec¬ 
tures  with  different  mechanisms  for  interconnections  and 
communications;  it  remains  a  challenge  to  develop  optical 
devices,  architectures,  and  algorithms  that  make  use  of  this 
potential.  The  next  few  years  will  be  a  critical  and  exciting 
period  for  these  technologies. 
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1 . 3  Variable  Grating  Mode  Liquid  Crystal  Dev  ices 

The  variable  grating  mode  (VGM)  liquid  crystal  device  has 
been  further  studied  experimentally  [4-16].  This  work  has  been 
in  conjunction  with  the  device  development  work  being  done  at 
Hughes  Research  Laboratories. 

An  important  area  of  research  on  the  Variable  Grating  Mode 
Liquid  Crystal  Light  Valve  is  concerned  with  a  fundamental 
understanding  of  the  origin  of  the  "variable  grating"  effect.  A 
wide  variety  of  studies  have  been  performed  on  electrically 
addressed  VGM  cells  (no  intervening  photoconduct ive  layer),  in 
which  diffraction  order  polarization  and  intensity  were  measured 
as  a  function  of  input  polarization  and  applied  cell  voltage  and 
the  results  correlated  with  observations  of  the  VGM  structure 
under  polarized  illumination  in  a  polarizing  microscope,  as  well 
as  the  with  various  theoretical  models  of  the  VGM  domain 
structure . 

Three  recent  papers  summarizing  these  results  are  included 
here.  The  first  paper  "Physical  Characterization  of  the  Variable 
Grating  Mode  Liquid  Crystal  Device"  by  A . R .  Tanguay,  Jr., 
C.S.  Wu,  P.  Chavel,  T.C.  Strand,  A. A.  Sawch.uk,  and  3.H.  Softer, 
has  been  published  in  Optical  Eng  i  neer i ng ,  special  issue  r 
Spatial  Light  Modulators:  Fundamental  Che ra.  ■  e r  :  s t  . .  •  s  , 
November/December  1983.  This  paper  summarizes  the  physical 
principles  of  operation  of  VGM  devices  and  describes  work  in:  a' 
experimental  measurements  of  the  Jones  matrix  describing 
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polarized  light  propagation  through  the  VGM  cell;  b)  the 
thickness  dependence  of  the  molecular  orientation  angles;  ci 
understanding  of  the  physical  constraints  on  the  VGM  response 
time;  and  d. )  the  possibility  of  a  VGM  device  with  ac  bias. 

A  second  paper  "Polarization  Properties  of  the  Variable 
Grating  Mode  Liquid  Crystal  Device"  by  A.R.  Tanguay,  Jr., 
P.  Chavel,  T.C.  Strand,  C.S.  Wu,  and  8.H.  Soffer,  has  been 
published  in  Optics  Letters  and  is  also  included  here.  This 
paper  contains  detailed  results  on  the  spatial  distribution  of 
the  orientation  of  liquid  crystal  molecules  in  a  VGM  device. 
Experimental  measurements  of  the  polarization  properties  of  light 
diffracted  by  the  liquid  crystal  birefringent  phase  grating  have 
been  made  as  a  function  of  the  applied  voltage  across  the  cell. 

A  final  paper,  " I ntens i ty- to-Spat ial  Frequency 
Transformations  in  Optical  Signal  Processing,"  by  A. A.  Sawchux, 
T.C.  Strand  and  B.H.  Soffer  describes  applications  of  VGM  devices 
to  perform  optical  nonlinear  transformations  and  logic 
operat ions . 
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forming  a  two-dimensional  intensity-to-spatial  frequency  conversion,  which  m 
turn  allows  the  implementation  of  a  wide  range  of  nonlinear  optical  processing 
and  computing  functions  The  device  utilizes  certain  nematic  liquid  crystal 
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limitations  to  device  performance  characteristics  are  discussed 

Keywords  spatial  light  modulator,  variable  grating  mode,  liquid  crystal  device,  optical 
information  processing,  optical  devices 
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1.  INTRODUCTION 

A  wide  variety  of  one- and  two-dimensional  operations  are  necessarv 
for  full-scale  implementation  ol  parallel  optical  processing  and 
computing  systems  Incoherent-to-coherent  conversions  are  often 
required  for  algorithms  involving  spectrum  analysis  and  modifi¬ 
cation,  correlation,  convolution,  and  holographic  image  formation, 
particularly  when  the  information  to  be  processed  is  available  only  in 
time-sequential  or  matrix-addressed  raster  format.  A  number  of 
one-  and  two-dimensional  spatial  light  modulators  capable  of  this 
type  of  image  transduction  ar.  described  within  this  special  issue  of 
Optical  Engineering.'  4  as  well  as  in  several  review  articles  '  » 
Other,  equally  important  processing  and  computing  lunctions. 
such  as  logic  operations,  programmable  matrix  addressing,  binary 
addition,  linearity  compensation,  and  input-output  nonlinearities 
(e  g  .  exponentials,  logarithms,  power  laws,  thresholds,  level  slices, 
and  level  restoration),  have  proven  particularly  difficult  to  implement 
All  of  these  functions,  on  the  other  hand,  can  be  implemented  by 
means  of  some  form  of  intensity-to-position  encoding  in  conjunction 
with  either  fixed  (single  function)  or  programmable  (multifunction) 
masks  This  general  statement  follows  from  the  realization  that  all  of 
the  functions  listed  above  are  special  cases  of  data-dependent  multi¬ 
plications.  in  which  the  input  value  (e  g.,  pixel  intensity)  selects  the 
appropriate  multiplier  (e  g  ,  mask  location)  to  obtain  the  desired 
product  (e  g  .  output  intensity) 
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The  variable  grating  mode  liquid  crystal  device  (VGM  I  CDr 
transforms  input  intensities  to  spatial  positions  when  used  in  coniunc- 
tion  with  a  Fourier  transform  lens.  The  nature  of  this  image  trans¬ 
formation  can  be  realized  in  the  following  manner  The  VGM  LCD 
primarily  consists  of  a  photoconductive  layer  in  series  with  a  layer  ol 
nematic  liquid  crystal  mixture.  A  dc  bias  voltage  is  applied  across  ihe 
device  to  pros  idea  voltage  division  between  the  two  layers.  Within  a 
given  image  pixel,  the  input  intensity  decays  the  voltage  across  the 
photoconductive  layer  and  correspondingly  enhances  the  voltage 
across  the  liquid  crystal  layer.  The  photoconductor  thus  implements 
an  intensity -to-voltage  conversion  The  nematic  liquid  cry  la1  mix¬ 
ture  employed  in  the  device  has  the  unusual  property  that  the 
alignment  ot  the  liquid  crystal  molecules,  which  is  homogeneous  in 
the  quiescent  state,  exhibits  spatially  periodic  modulauon  when  a 
bias  voltage  is  applied  across  the  layer.  This  modulation  results  in  a 
birelringent  phase  grating1 '  characterized  by  a  spatial  trequency  that 
depends  linearly  on  the  applied  voltage.  The  effect  ot  the  liquid 
crystal  layer  is  thus  to  implement  a  voltage-to-spatial  frequency 
conversion  If  both  layers  are  considered  together,  the  entire  dev  ice  is 
thus  seen  to  perform  an  image-wise  intensity-to-spatial  frequence 
conversion,  w  hich  can  be  modified  to  the  more  general  intensity-to- 
position  transformation  by  placing  a  Fourier  transform  lens  behind 
the  VGM  LCD.  Collimated  readout  illumination  normally  incident 
on  the  device  (at  a  wavelength  of  photoconductive  insensitivity l  is 
angle  encoded  within  each  image  pixel  by  diffraction  from  each 
induced  phase  grating  and  subsequently  angle-to-position  mapped 
by  the  Fourier  transform  lens  into  its  focal  plane. 

This  type  of  process  is  show  n  schematically  in  Fig  1.  in  w  hich  I  he 
input  image  is  assumed  to  consist  of  tw  o  separate  regions  of  differing 
intensity  The  VGM  1  CDencodes  both  regions  with  different  spatial 
frequencies,  resulting  in  separated  diffraction  orders  in  ihe  filler 
(Fourier)  plane  Insertion  of  an  appropriate  spatial  filter  or  pro¬ 
grammable  mask  (not  shown  in  Fig  I )  into  the  Fourier  plane  allows 
(he  separated  orders  to  be  selectively  modified  to  implement  anv 
desired  data-dependent  multiplication  or  point  nonlinearity  In  the 
reconstructed  output  image,  all  regions  of  equal  input  intensity  are 
modified  identically,  irrespective  of  their  location  in  ihe  input  image 
field.  Thus,  all  of  the  data-dependent  multiplications  arc  performed 
in  parallel  Functional  programmability  is  achieved  by  replacement 
or  reprogramming  ol  the  Fourier  plane  mask,  which  need  only  be  a 
low  resolution  device  wnh  a  total  number  of  resolution  elements 
equal  to  the  number  of  gray  levels  required  to  be  processed 

The  overall  input-output  characteristic  of  nonlinear  (unction 
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Fig  1  Experimental  arrangement  for  demonstration  of  intensity-to- 
poaition  encoding  by  mean*  of  an  intensity-to-spatial  frequency  conver¬ 
sion  in  a  VGM  LCD. 
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Fig  2  VGM  nonlinear  processing  The  overall  input  output  characteris¬ 
tic  can  be  found  by  (tapping  through  the  tuccestive  nonlinear  transfor¬ 
mation!.  including  (1|  the  mtensity-to-spatial  frequency  conversion.  (2| 
spatial  filtering,  and  (31  intensity  detection 


implementation  utilizing  the  V  GM  LCD  is  shown  schematicall>  in 
Fig  2  b\  speeitung  sequentially  the  nature  of  the  transformations 
from  input  intensity  to  spatial  trequency  within  the  VGM  LCD.  from 
spatial  trequency  to  spatial  filter  amplitude  transmittance  in  the 
Fourier  translorm  plane,  and  from  output  amplitude  to  output 
intensity  l usually  by  means  of  square  law  detection).  The  overall 
nonlinearity  achieved  can  be  easily  compensated  for  the  functional 
dependences  ot  the  separate  steps  by  adjustment  of  the  selected 
spatial  tiller  transmittance  function 

I  he  V  GM  LCD  has  thus  far  been  utilized  to  perform  a  wide 
variety  ol  parallel  nonlinear  point  transformations,  including  level 
slicing'  "  binary  logic  functions  (AND.  OR.  NOR.  etc  ). 1,1  '-’and 
lull  binary  addition  I  inputs  two  addend  bit  planes  and  one  carry  bit 
plane,  outputs  sum  bit  plane  and  carry  bit  plane). 1 1  The  purpose  of 
this  paper  is  to  describe  the  physical  principles  of  operation  ot  the 
y  a  ruble  grating  mode  liquid  crystal  dey  ice,  identify  areas  of  strength 
and  weakness,  and  differentiate  limitations  to  current  device  per- 
lormance  thought  to  be  fundamental  in  origin  from  those  that  are 
seemingly  technological  Section  2  consists  of  a  more  detailed  descrip¬ 
tion  of  the  desice.  its  operating  mode,  and  its  operational  properties 
The  fundamental  origins  of  these  operational  properties  are  examined 
in  Sec  3.  in  which  the  natural  focus  will  be  the  physical  mechanism  of 
the  variable  grating  mode  effect  in  nematic  liquid  crystal  mixtures 
Experimental  and  theoretical  efforts  to  elucidate  the  nature  of  this 
mechanism  are  described  in  Sec  4,  which  concludes  with  seseral 
important  but  as  yet  unanswered  questions 

2.  DEVICE  DESCRIPTION  AND  OPERATIONAL  MODE 

A  number  of  important  aspects  of  device  construction  and  device 
operation  are  reviewed  in  this  section  A  more  complete  description 


Fig  3  Polarization  photomicrographs  of  the  liquid  crystal  domain  pat 
tarn  in  an  electrically  activated  cell.  In  (a),  the  polarizer  was  oriented  at 
90:.  and  the  analyzer  at  90".  with  respect  to  the  grating  wave  vector  In 
|b).  the  polarizer  was  oriented  at  90'.  and  the  analyzer  at  1  0  .  with 
respect  to  the  grating  wave  vector  The  unit  vector  n^  denotes  the 
direction  of  quiescent  alignment,  and  kG  indicates  the  direction  of  the 
grating  wave  vector. 


ot  these  concepts  has  appeared  previously.'*" i; 

The  critical  element  of  the  VGM  LCD  is  a  thin  (4  to  12  qml  layer 
ol  nematic  liquid  crystal  mixture1-'  that  exhibits  a  periodic  modulation 
of  the  liquid  crystal  director,  and  hence  of  the  index  ellipsoid,  under 
application  of  an  electric  field  normal  to  the  plane  of  the  layer  Bv 
means  of  suitable  preferential  alignment  techniques. “  the  quiescent 
state  of  the  liquid  crystal  is  homogeneous  (parallel  to  the  plane  ol  the 
layer)  As  will  be  discussed  in  Sec  4  this  periodic  variation  ol  the 
principal  axes  of  the  dielectric  tensor  gives  rise  to  a  birelringent  phase 
grating  characterized  by  striking  and  unique  optical  properties  J 
The  grating  can  be  visualized  in  a  polarizing  microscope,  as  shown  in 
Fig  3.  by  utilizing  the  birefringence  properties  ot  the  periodic  per¬ 
turbation.  Distinct  polarizer  analyzer  combinations  give  rise  to 
remarkably  different  grating  images,  as  can  be  seen  by  comparison  ol 
Figs  3(a)  and  3(b)  (see  Sec.  4).  Furthermore,  the  grating  period  is 
observed  experimentally  to  be  related  inversely  to  the  applied  voltage 
across  the  layer  Above  the  threshold  for  domain  formation,  there¬ 
fore.  the  spatial  frequency  of  the  grating  is  a  linear  function  ol  the 
voltage  across  the  layer,  as  shown  for  a  variety  ot  nematic  liquid 
crystal  mixtures  in  Fig  4 

This  voltage-to-spatial  trequency  transformation  can  be  optically 
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Fig  4  VGM  spatial  frequency  as  a  function  of  applied  voltage  (or  various 
nematic  liquid  cryetal  mixture! 


jddressed  b\  means  of  a  photoconductor  placed  in  series  with  the 
liquid  crystal  laser,  as  shown  in  Fiji.  5  and  described  in  the  presious 
section  The  photoconductise  laser  employed  in  desices  constructed 
thus  tar  is  comprised  ol  esaporated  or  ion-beam  sputtered  /me  sulfide 
(ZnS).  chosen  to  optimize  the  impedance  match  svith  the  liquid  crystal 
laserlp  .  •  10°  II  -  emi  The  layer  thicknesses  employed  sserc  ot  order 
I  5  to  5  iim  As  shown  in  Fig.  5.  the  photoconductise  and  liquid 
ers  stal  lasers  are  sandwiched  between  indium  tin  oxide  (ITO)-coated 
1  2  cm  thick  glass  optical  Hats.  The  liquid  crystal  layer  thickness  is 
determined  by  a  perimeter  Mylar  spacer. 

In  operation,  a  de  bias  soltage  is  applied  between  the  indium  tin 
oxide  electrodes,  ot  order  40  to  1 50  V.  The  input  image  to  be  spatial 
trequency  encoded  is  focused  on  the  ZnS  photoconductor,  produc¬ 
ing  image-wise  modulation  of  the  local  voltage  across  the  liquid 
crystal  layer,  thus  elfecting  a  parallel  intensity-to-spatial  frequency 
conversion  The  high  lateral  impedance  of  the  thin  film  lay  ers  allows 
high  resolution  images  to  be  processed  with  low  pixel-to-plxel  cross¬ 
talk  The  device  sensitivity  is  optimized  for  exposure  at  blue  and 
near-ultraviolet  wavelengths  due  to  the  peak  photosensitivity  ot  zinc 
sulfide  in  that  spectral  region.  Quasi-nondestructive  readout  can  be 
accomplished  at  wavelengths  beyond  the  photoconductivity  edge, 
such  as  that  of  the  Fle-Ne  laser  (6528  A).  Image  erasure  occurs  with 
removal  of  the  input  image,  within  the  dielectric  and  liquid  crystal 
relaxation  times  of  the  device  (see  Sec.  3)  To  date,  all  VGM  LCDs 
that  we  have  constructed  nave  been  designed  for  transmissive  read¬ 
out,  although  reflective  readout  is  possible  with  incorporation  of  an 
appropriate  dielectric  mirror  Such  a  configuration  would  have  the 
advantage  of  fully  separating  the  reading  and  writing  functions, 
allowing  for  increased  effective  optical  gain 


Fig.  5.  Schematic  diagram  of  the  VGM  liquid  crystal  device  Current 
devices  are  read  out  in  transmission  at  a  wavelength  of  photoconductive 
insensitivity. 


3.  FUNDAMENTAL  ORIGINS  OF  THE  OPERATIONAL 
PROPERTIES 

As  was  mentioned  in  Sec.  2.  the  operational  properties  of  the  VGM 
LCD  are  primarily  determined  by  the  variable  grating  mode  effect 
exhibited  by  the  nematic  mixture  liquid  crystal  layer  The  current  state 
of  knowledge  concerning  the  physical  origin  of  this  unique  effect  is 
summarized  in  Sec.  4.  In  this  section,  we  outline  a  number  of  key 
lactors  and  considerations  that  affect  several  important  device  prop¬ 
erties  in  order  to  provide  both  focus  and  a  frame  of  reference  for  the 
succeeding  section.  These  dev  ice  properties  include  the  accessible  range 
of  spatial  frequencies,  the  number  of  accessible  gray  levels,  the  func¬ 
tional  dependence  of  diffraction  efficiency  on  applied  soltage.  maxi¬ 
mum  diffraction  efficiency,  response  time,  device  uniformity,  device 
input  sensitivity,  and  device  operational  lifetime. 

The  accessible  range  of  spatial  frequencies  extends  from  the  thresh¬ 
old  for  grating  formation  at  the  low  end  to  the  onset  of  dynamic 
scattering  induced  by  high  electric  fields  at  the  high  end.  as  shown  in 
Fig  4.  For  phenyl  benzoate  mixtures  with  slightly  negative  dielectric 
anisotropy  (  <  -0.30)  such  as  H  RL  2N40. this  range  extends  trom 
approximately  200  line  pairs  mm  to  over  600  line  pairs  mm.  In  order 
to  avoid  overlap  of  higher  diffracted  orders  from  lower  spatial  fre¬ 
quencies  with  lower  diffracted  orders  from  higher  spatial  frequencies, 
the  maximum  range  that  can  be  processed  (uniquely  assigned  to  spe¬ 
cific  gray  levels)  spans  a  factor  of  two  in  spatial  frequency  For  exam¬ 
ple.  a  usable  range  in  HRL  2N40  extends  from  300  line  pairs  mm  to 
600  line  pairs  mm  without  order  overlap.  This  accessible  range  can  be 
extended  by  an  additional  factor  of  two  by  utilizing  the  orthogonal 
polarization  behavior  of  alternating  diffracted  orders,  as  described  in 
Sec  4.  Hence,  the  accessible  range  of  spatial  frequencies  observed  in 
several  ol  the  nematic  liquid  crystal  mixtures  tested  so  far  is  sufficient 
for  optimized  gray  scale  processing.  It  should  be  noted  that  although 
the  maximum  number  of  resolution  elements  that  can  be  processed  is 
linearly  proportional  to  the  highest  spatial  frequency  utilized  lor 
dev  ices  ot  a  given  size  (see  discussion  below ),  use  of  significantly  larger 
spatial  frequencies  begins  to  place  stringent  requirements  on  the 
Fourier  transform  lens  due  to  f-number  reduction  For  example,  to 
utilize  a  spatial  frequency  range  of  600  line  pairs  mm  requires  the 
output  optics  to  have  an  f-number  less  than  I  2  (or  less  than  2.6  if  the 
lens  is  displaced  off-axis  to  accept  only  the  positive  diffracted  orders) 
This  is  primarily  a  pragmatic  limitation  rather  than  a  fundamental  one. 
as  VGM  effects  have  been  observed  at  spatial  frequencies  exceeding 
1000  line  pairs  mm"’ 

The  number  of  accessible  gray  lev  •  thai  lead  to  well-separated 
diffraction  orders  in  the  filter  plane  i  .  rmlcd  by  the  ratio  of  the 
frequency  range  between  VGM  harmonics  to  the  object  spectrum 
bandwidth,  as  shown  in  Fig  6  T  he  object  spectrum  bandwidth  is  in 
turn  limited  primarily  by  two  effects  spot  size  due  to  dil fraction  liom 
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Fig  6  Gray  level  resolution  The  number  of  accessible  gray  levels  is 
limited  by  the  ratio  of  the  separation  between  VGM  harmonica  to  the 
object  spectrum  bandwidth 


timte-si/ed  pixel  apertures.  and  grilling  imperfections  that  cause 
local  deviations  trom  uniform  spatial  frequency  The  first  effect  is 
fundamental  and  has  been  treated  previously.  "  The  principal  result 
ol  this  analysis  is  the  inequality 


Fig  7  Polarization  photomicrograph  of  a  VGM  liquid  crystal  layer  exhib¬ 
iting  a  number  of  grating  discontinuities  (circled). 
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in  which  b  is  the  pixel  width.  r0  is  the  lowest  usable  VGM  spatial 
frequency,  and  N  is  the  desired  number  of  distinguishable  gray  levels. 
This  inequality  requires  that  the  pixel  sire  contain  at  least  2N  periods 
ot  the  lowest  grating  frequency  if  N  gray  levels  are  to  be  processed. 
For  example,  a  256x25b  pixel  image  could  be  processed  with  52 
distinguishable  gray  levels  on  a  50  mm  square  device  with  v0  =  300 
line  pairs  mm.  An  additional  restriction  arises  from  scattering  effects 
due  to  grating  imperfections,  which  tend  to  further  increase  the  si/e 
ot  the  dilfracted  orders.  The  most  common  type  ol  imperfection 
observed  in  these  dev  ices  is  the  joining  or  splitting  of  grating  lines,  as 
shown  in  the  photomicrograph  in  Fig.  7  The  origin  ot  these  "dtscli- 
nauons"  is  not  at  present  understood,  although  the  density  of  occur¬ 
rence  of  such  imperfections  is  directly  related  to  the  quality  of 
substrate  preparation. 

A  typical  measurement  of  the  functional  dependence  ol  diffrac¬ 
tion  efficiency  on  the  applied  voltage  across  the  VGM  liquid  crystal 
layer  is  shown  in  Fig.  8.  Since  the  applied  voltage  is  linearly  related  to 
the  induced  grating  spatial  frequency  ,  this  relationship  is  illustrative 
ol  the  dependence  of  the  diffraction  efficiency  on  spatial  frequency  as 
well  To  first  order,  the  nature  of  this  dependence  is  not  important  to 
the  implementation  of  optical  processing  functions  since  any  varia¬ 
tion  in  diffraction  efficiency  with  spatial  trequency  can  be  linearized 
by  insertion  of  an  appropriate  multiplicative  filter  in  the  focal  plane 
of  the  Fourier  transform  lens.  In  any  case,  the  theoretical  functional 
dependence  can  be  derived  only  from  knowledge  of  the  relationship 
between  the  induced  orientational  angles  ol  the  liquid  crystal  direc¬ 
tor  and  the  applied  voltage  across  ihe  laser  this  relationship  is 
discussed  turther  in  the  subsequent  section 

The  maximum  diffraction  efficiency  ihai  can  he  achieved  at  a 
given  spatial  Irequency  and  applied  voltage  depends  lundamentallv 
on  the  magnitude  of  the  anisotropy  in  the  index  of  refraction  (  An  ™ 
ne  ~  n0.  with  ne  the  extraordinary  retractive  index  for  polarization 
parallel  to  the  molecular  axis  and  n  ,  the  on*  aarv  refractive  index  for 
polarization  perpendicular  to  the  molecular  axis),  the  magnitude  of 
the  periodic  angular  reorientation  ot  the  liquid  crvstal  director,  and 
the  thickness  of  the  VGM  liquid  crystal  laser  Full  periodic  reorien¬ 
tation  of  the  index  ellipsoid  trom  homogeneous  t parallel  to  the 
substrate)  alignment  to  homeotropic  i perpendicular)  alignment  for 
Ff  RL.  2N40I  An  —  0  I  5)  in  a  6  qm  cell  read  out  at  63  2K  A  gives  rise  to 
an  optical  phase  modulation  of  appmximaielv  9  rad  Hence,  the 
maximum  diffraction  efficiency  is  fundamentallv  limited  to  that 
expected  for  a  pure  sinusoidal  phase  grating  '  In  practice,  full 
reorientation  is  typically  not  achieved  before  the  onset  of  dynamic 
scattering,  although  reorientation  angles  of  45  '  are  thought  at  pres¬ 
ent  to  be  commonly  reached  (sec  Sec  4)  As  can  be  seen  from  Fig.  8. 
ty  pical  second-order  diffraction  efficiencies  are  of  order  2(K7.  This 


Fig  8  Diffraction  efficiency  a*  a  func.ioo  of  applied  voltage  across  a 
nematic  liquid  crystal  mixture  ot  phenyl  benzoates  (HRL  2N40)  The  layer 
thickness  was  approximately  6  .. m  as  defined  by  a  perimeter  Mylar 
spacer 


order  is  larger  than  the  first  diffracted  order  due  to  the  peculiar 
nature  of  the  birelringent  phase  grating  formed  by  the  VGM  distor¬ 
tion  (details  are  given  for  this  phenomenon  in  Sec  4) 

The  response  time  ol  the  cell  is  a  critical  parameter  that  directly 
affects  the  achievable  overall  processing  throughput  rate  At  present 
it  is  the  major  factor  inhibiting  widespread  incorporation  of  VGM 
devices  in  optical  processing  sy  stems  The  rise  time  for  grating  for¬ 
mation  from  below  to  above  threshold  varies  from  mixture  to  mix¬ 
ture.  but  is  typically  of  order  one  second  The  response  time  lor 
grating  change  in  response  to  a  step  increase  in  applied  voltage 
(corresponding  to  a  step  increase  in  grating  spatial  frequence  l  is 
typically  of  order  a  fraction  of  a  second  '*  The  response  time  ol  the 
photoconducnv  c  voltage  div  ision  across  the  liquid  crvstal  laser  is  not 
a  significant  factor  by  orders  of  magnitude  relative  to  the  reorien- 
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Ulion  response  lime,  so  i ha t  eventual  improvements  in  VCj.M  LCD 
response  time  will  accrue  only  by  advances  in  the  state  of  understand¬ 
ing  <>l  the  physical  origin  o I  the  VGM  effect  and  the  dynamical  nature 
ot  the  grating  reorientation  process,  followed  by  appropriate  modifi¬ 
cation  ol  the  device  operational  mode  to  enhance  the  rate  of  molecu¬ 
lar  reorientation  and  ora  search  fora  nematic  liquid  crystal  mixture 
with  physical  characteristics  optimized  for  dynamic  VGM  effects. 

The  input  sensitivity  of  the  VGM  LC'D.  defined  as  the  input 
(writing)  intensity  per  unit  area  per  unit  change  in  grating  spatial 
Irequency.  is  determined  by  a  number  of  factors.  These  include  the 
slope  of  induced  grating  spatial  frequency  as  a  function  ol  applied 
voltage  lor  the  particular  nematic  liquid  crystal  mixture  employed, 
the  wavelength  dependence  of  the  photoconductive  layer  photosensi- 
tivity.  and  the  cell  switching  ratio  (fractional  increase  in  voltage 
across  the  liquid  crystal  layer  from  illumination  at  the  threshold  tor 
grating  formation  to  saturation).  The  first  factor  (liquid  crystal 
response  slope)  varies  significantly  from  mixture  to  mixture  (see  Tig. 
4|.  Of  the  VGM  nematic  liquid  crystal  mixtures  investigated  to  date. 
HRL  2N40  has  proved  to  be  nearly  optimum  in  this  regard.  It  is  not 
yet  clear  what  fundamentally  influences  and  eventually  limits  this 
parameter.  The  photosensitivity  of  the  photoconductive  layer  is 
determined  primarily  by  the  choice  of  photoconductive  material 
(limited  to  those  that  can  be  appropriately  impedance-matched  to 
the  liquid  cry  stal  layer),  method  and  quality  of  thin  film  deposition, 
layer  thickness,  spectral  width  and  central  wavelength  of  the  expo¬ 
sure  (writing)  illumination,  and  the  operational  bias  voltage  em¬ 
ployed.  The  cell  switching  ratio  is  a  function  of  the  series  impedance 
of  the  liquid  crystal  layer,  the  impedance  of  the  umlluminated  photo¬ 
conductive  layer,  and  the  impedance  of  the  photoconductive  layer 
under  saturation  illumination.  In  addition,  the  cell  switching  ratio 
will  bealtered  by  incorporation  of  surfactant  layers  to  improve  liquid 
crystal  quiescent  alignment,  and  of  a  dielectric  mirror  in  the  reflective 
readout  device  structure.  At  this  stage  of  the  device  development,  the 
input  sensitivity  of  the  VGM  LCD  has  not  been  optimized  A  typical 
value  of  1 5  <  m VA  crai  'Imm  line  pair)  was  obtained  with  a  VGM 
LCD  consisting  of  a  6  urn  layer  of  HRL  2N40  in  series  with  a  5  urn 
thick  evaporated  ZnS  layer  that  had  been  polished  and  rubbed  with 
surfactant  polyvinyl  alcohol,  operated  at  1 60  V  dc.  and  illuminated 
in  the  passband  410  to  550  nm  * 

I  he  uniformity  of  VGM  LCD  response  depends  inherently  on 
technological  issues,  including  uniformity  of  layer  thicknesses,  homo¬ 
geneous  mixing  of  the  liquid  crystal  material  employed,  and  the 
as-deposited  spatial  dependence  of  photoconductive  sensitivity. 
\V  hereas  it  is  relatively  straightforward  to  construct  electrically  acti¬ 
vated  VGM  cells  (see  Sec.  4)  that  exhibit  a  high  degree  of  spatial 
uniformity,  deposition  of  a  photoconductive  layer  with  equivalent 
spatial  homogeneity  has  proven  more  difficult.  Nonuniformity  ol  the 
device  response  characteristic  can  be  a  contributing  tactor  in  the 
establishment  of  the  maximum  number  of  accessible  gray  levels 
discussed  previously  In  experimental  devices  constructed  thus  far. 
device  uniformity  has  not  proven  to  be  the  limiting  factor  In  any 
case,  it  is  expected  that  response  nonumtormitiex  can  be  minimized 
significantly  by  improvements  in  the  photoconductive  layer  deposi¬ 
tion  process. 

The  lifetimes  of  experimentally  constructed  VGM  l.CDs  have 
ranged  from  less  than  a  week  to  over  a  year  The  causes  of  VGM 
dev  ice  failure  have  not  yet  been  extensively  studied,  although  several 
contributing  factors  can  be  identified  These  factors  include  the 
purity  and  composition  of  the  liquid  crystal  mixture  employed,  the 
nature  of  the  liquid  crystal  photoconductive  layer  interface,  the 
integrity  of  the  device  sealing  process,  and  the  device  operational 
history  Since  the  VGM  effect  requires  a  dc  applied  voltage,  unidirec¬ 
tional  ion  poisoning  may  contribute  to  gradual  device  degradation 

4.  PHYSICAL  ORIGIN  OF  THE  V  ARIABLE 
GRATING  MODE  EFFECT 

As  can  be  clearly  understood  from  the  discussion  presented  in  Sec  3.  a 
vast  maturity  ot  the  important  device  operational  properties  depend 
critically  on  the  detailed  nature  of  the  grating  formation  and  dynamic 


Fig.  9  Variable  grating  mode  liquid  cryatal  teat  geometry  showing  the 
Cartesian  coordinata  system  referred  to  in  the  text  as  well  as  the  molecu¬ 
lar  orientation  angles  a  and  n  This  configuration  was  utilized  in  the 
polarized  tight  diffraction  efficiency  and  photomicroscopy  experiments. 


Fig.  1 0  The  polarization  behavior  of  VGM  diffracted  orders,  with  illumi¬ 
nation  normal  to  the  plene  of  the  liquid  crystal  layer  The  left-hand  column 
indicates  the  input  polarizetion  associated  with  each  row  of  output  polari¬ 
zations.  The  inset  shows  the  corresponding  orientation  of  the  VGM 
grating. 


reorientation  process  The  elucidation  of  the  fundamental  nature  ol 
the  grating  (molecular  orientation  angles  as  a  function  ol  applied 
voltage  across  the  liquid  crystal  layer)  and  of  the  physical  mechanism 
that  gives  rise  to  the  observed  periodic  instability  and  its  reorienta¬ 
tion  dynamics  has  been  a  subject  of  considerable  experimental  and 
theoretical  interest.11  ^  In  this  section,  the  present  state  ol 
understanding  of  the  VGM  effect  is  described,  and  a  number  ot 
important  unresolved  questions  are  presented 

The  grating  produced  by  the  periodic  spatial  reorientation  ol  the 
nematic  liquid  crystal  molecules  is  quite  unusual,  giving  rise  to 
striking  polarization-dependent  properties. 1 1  These  diffract  ion  effects 
can  be  investigated  in  an  electrically  activated  VGM  cell  with  no 
intervening  photoconductive  layer,  as  shown  in  Fig  9  The  orienta¬ 
tion  of  the  grating  is  such  that  the  grating  wave  vector  is  perpendicu¬ 
lar  to  the  direction  of  unperturbed  alignment,  which  is  homogeneous 
and  induced  by  unidirectional  rubbing  or  ion-beam  milling  That  is. 
the  periodic  modulation  direction  is  perpendicular  to  the  initial  (zero 
applied  bias)  liquid  crystal  director  (long  molecular  axis),  as  shown 
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in  the  polarization  micrographs  (Fig.  3). 

For  all  linear  input  polarization  angles,  the  even  and  odd  diffrac¬ 
tion  orders  are  found  to  be  essentially  linearly  polarized.  In  addition, 
the  even  diffraction  orders  are  nearly  linearly  polarized  parallel  to 
the  "domains"comprising  the  VGM  grating,  as  shown  in  Fig.  10.  For 
input  polarization  perpendicular  to  the  domains,  the  even  orders  are 
found  to  be  almost  fully  extinguished.  On  the  other  hand,  the  odd 
diffraction  orders  are  nearly  linearly  polarized  with  a  major  axis  that 
rotates  counterclockwise  at  the  same  rate  as  the  input  polarization  is 
rotated  clockwise  This  effect  is  the  same  as  that  produced  by  a 
half-wave  plate  oriented  at  45°  with  respect  to  the  grating  wave 
vector.  For  input  polarization  at  45°  to  the  wave  vector,  all  orders  are 
observed  in  the  far-field  diffraction  pattern.  An  analyzer  placed  on 
the  output  side  of  the  VGM  device  can  be  rotated  to  extinguish  the 
even  orders  < when  oriented  parallel  to  the  grating  wave  vector)  or  the 
odd  orders  (when  oriented  at  —45°  to  the  grating  wave  vector). 

These  unusual  polarization  properties  have  recently  been  utilized 
to  determine  the  spatial  distribution  of  the  molecular  orientation 
within  the  VGM  liquid  crystal  layer."  The  polarization  dependence 
of  the  diffraction  phenomena  is  directly  related  to  the  formation  of  a 
birefringent  phase  grating,13  in  which  the  principal  axis  of  the  index 
ellipsoid  varies  periodically  both  in  the  plane  of  the  grating  (charac¬ 
terized  by  an  orientation  angle  a)  and  normal  to  the  plane  of  the 
grating  (characterized  by  an  orientation  angle  p).  The  angular  coor¬ 
dinates  are  as  shown  in  Fig.  9 

The  polarization  properties  of  light  diffracted  by  the  liquid  crystal 
birefringent  phase  grating  can  be  summarized  by  means  ofa  transfer 
matrix  that  connects  the  output  polarization  at  each  point  (x.y)  on 
the  rear  surface  of  the  liquid  crystal  layer  with  the  input  polarization 
at  the  front  surface  of  the  liquid  crystal  layer.  On  the  basis  of  the 
experimental  observations,  this  matrix  must  be  of  the  form 


A0  +  A(x,p)  B(x;2p) 

C(x;2p)  D0  +  D(x;p) 


(2) 


in  which  the  notation  A(  x;p )  indicates  that  the  complex  amplitude  A 
varies  in  the  x  direction  with  periodic  repetition  distance  p.  For 
uniaxial  liquid  crystal  molecules  at  an  arbitrary  orientation  (a.r)). 
assumed  uniform  throughout  the  layer  thickness  at  a  given  coordi¬ 
nate  in  the  x  direction,  the  Jones  matrix  can  be  determined  by 
appropriate  rotations  of  the  index  ellipsoid,  which  yields 


1  -  sin2a(  I  -  e)‘t> ) 
sinorcosa(  1  -  eJ**) 
where  r 


sinocoso(  I  —  eJ^) 
I  —  cos2a(  1  -  eJ**) 


(3) 


in  which  t  is  the  liquid  crystal  layer  thickness,  n0  is  the  ordinary  index 
of  refraction,  ne  is  the  extraordinary  index  of  refraction,  and  A  is  the 
wavelength  of  readout  illumination  employed  The  angles  a  and  p 
are  assumed  to  be  periodic  functions  of  x  and  independent  of  y  and  z. 
Measurement  of  the  intensities  in  each  diffraction  order  for  a  min¬ 
imum  set  of  polarizer  analyzer  orientations  uniquely  determines  the 
magnitudes  of  the  Fourier  components  of  the  polarization  transfer 
matrix.  These  experimentally  derived  values  can  then  be  compared 
with  the  theoretically  calculated  coefficients  of  Eq.  (3)  (by  harmonic 
expansion)  for  different  possible  assumptions  concerning  the  spatial 
distribution  of  the  orientation  angles  a  and  p.  An  example  of  such  a 
comparison  between  theory  and  experiment  is  shown  in  Fig.  II, 
under  the  assumption  that  the  spatial  dependences  of  a  and  p  are 
given  by 


2rrx 

a  =  aa  cos  —  . 


2rrx 

p  =  ±  p0  sin  — — 


(41 


This  procedure  allows  the  extraction  of  the  maximum  orientational 
excursion  angles  aQ(V)  and  p0(  V )  as  functions  ol  the  applied  bias 
voltage  above  the  threshold  for  grating  formation,  as  shown  in  Fig 
I2(a0)and  Fig.  1 3(  pG).  In  each  case,  subject  to  the  assumed  lorms  of 
a  and  p  implicit  in  Eq.  (4),  it  is  observed  that  the  maximum  excursion 
angles  both  in  and  out  of  the  plane  of  the  grating  seem  to  increase  as 
the  logarithm  of  the  applied  voltage. 

The  spatial  distribution  of  the  ends  of  the  liquid  crystal  molecules 
described  by  Eq.  (4)  is  approximately  cycloidal.  Such  a  dependence  of 
the  angles  a  and  p  on  the  spatial  coordinate  x  has  been  predicted  by 
direct  minimization  of  the  free  energy  in  a  similar  nematic  liquid  cry  stal 
system."  This  pamcular  solution  is  obtained  by  incorporation  of  the 
converse  flexoelectnc  effect  in  the  expression  for  the  free  energy 31  -  " 
The  flexoelectnc  effect  describes  a  strain-induced  polarization  that 
arises  due  to  molecular  shape  effects  in  conjunction  with  a  nonzero 
dipole  moment,  as  shown  schematically  in  Fig.  14.  The  converse 
flexoelectnc  effect  thus  pertains  to  a  polanzation-induced  strain  w  ithin 
the  liquid  crystal  layer,  which  can  result  in  a  periodic  molecular  re¬ 
orientation  characterized  by  a  linear  dispersion  relation  between  the 
grating  wave  vector  and  the  applied  field,  as  is  observed  experimen¬ 
tally.  Including  the  dielectric,  distortion,  and  flexoelectnc  contribu¬ 
tions  to  the  free  energy  ,  yields  an  expression  of  the  form 


VGM 


dielectric  +  ^distortion  +  ^flexoelectnc) 


=  Fo- 


"/  (F«> 

—  J  (e^  -  e0)  (E  ■  n)2dV 
+  \J  J^i<7  ■  n>:  +  ■  7  x  n>: 

+  K,(n  X  V  X  n)2j  dV 


-/[■ 


e,(  V  ■  n  )  (n  ■  E) 


+  e  ,  |  £(  V  X  h  )  X  h]  ■  E  \ 


dV  .  (5) 


in  which  K ,.  K;.  and  K,  are  the  elastic  constants  for  splay .  twist,  and 
bend  deformations,  respectively;  n  is  the  liquid  crystal  director.  E  is 
the  applied  electric  field:  te  and  e0  are  principal  components  ol  the 
dielectric  tensor  of  the  liquid  crystal;  and  e ,  and  e ,  are  flexoelectnc 
coefficients.  '1  Minimization  of  FV(iM  with  respect  to  the  orientation 
angles  a  and  p  of  the  director,  subject  to  fully  pinned  boundarv 
conditions  at  both  substrate  surfaces,  and  with  the  simplilying 
assumption  that  K ,  =  K,  =  K.  y  ields" 

a  =  ar0cos(kx)cos(  rrz  t)  . 

(hi 

p  =  p0sin(kx)cos(  7rz  t)  , 

in  which  k  is  the  grating  wave  vector,  and  t  is  the  liquid  crvstal  laser 
thicl  This  solution  generates  a  dispersion  relation  between  F 
and  k  of  the  form 

.  (4T  ■  ■ 

\e*l  k-  +  u(_k‘  +  (IT  t|-_ 
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Fig  IV  Measured  diffracted  order  intensities  as  a  function  of  theoretical 
intensities  calculated  from  the' uniaxial  VGM  model  described  in  the  text. 


Fig.  1 3  The  out-of-plane  molecular  orientation  angle  (hq)  as  a  function  of 
the  applied  dc  bias  voltage  across  the  cell  (V)  (see  Fig  5} 


APPLIED  voltage  (V) 


Fig  12  The  in- plane  molecular  orientation  angle  (oQ)  as  a  function  of  the 
applied  dc  bias  voltage  across  the  cell  (V)  (see  Fig.  5) 


in  which  e*  •  e ,  -  e ,,  ^  *■  Ua  K  4  rre*: ).  and  ea  •  -  *u  The 
dispersion  relation  is  linear  when  k  »  rr  t.  as  shown  in  f  ig  15 
(compare  with  the  experimental  relationship  shown  in  f  ig  4) 

The  origin  of  the  periodic  instability  in  V(»M  liquid  crystals  has 


SUBSTRATE 
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Fig  14  Schematic  diagram  illustrating  a  possible  mschsmsm  (or  the 
occurrence  of  the  flexoelectric  effect  due  to  a  shape  anisotropy  in  liquid 
crystal  molecule*  with  a  permanent  dipole  moment.  In  far),  the  molecular 
orientations  are  randomly  distributed,  resulting  in  zero  net  polarization  In 
(bl.  the  applied  distortion  induces  s  shape- dependent  molecular  realign¬ 
ment.  resulting  in  a  net  polarization.  (After  Ref  31  I 


not  yet  been  established  beyond  doubt,  although  the  accumulated 
evidence  points  strongly  toward  the  converse  flexoelectric  cllect 
[his  assignment  is  also  intuitively  appealing  since  the  VGM  effect  is 
observed  only  in  liquid  crystal  mixtures  with  slightly  negative  dielec¬ 
tric  ansolrop-  ,i:  for  which  both  the  dielectric  and  distortion  contri¬ 
butions  to  the  free  energy  increase  for  deviations  Irom  uniform 
alignment  fhc  addition  of  the  flexoelectric  term  counteracts  these 
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atari  corresponding  to  HRL  2N40  phenyl  benzoate  mixture  [see  Eq.  (7)|, 
subject  to  the  assumption  that  K,  =  K2  =  K. 


effects,  producing  a  tree-energy  minimum  at  nonzero  distortion 
angles.  Furthermore,  this  model  predicts  a  static  periodic  perturba¬ 
tion.  no  hydrodynamic  or  electrohydrodynamic  effects  are  observed 
in  our  test  cells. 

The  dynamics  of  grating  formation,  reorientation,  and  relaxation 
are  subjects  of  ongoing  experimental  and  theoretical  investigation. 
Understanding  of  the  basic  physical  principles  underlying  these 
effects  is  vital  to  the  success  of  efforts  to  improve  the  VGM  LCD 
response  time 

A  number  of  spatial  discontinuities  which  are  similar  in  appear¬ 
ance  to  crystallographic  dislocations  can  be  observed  within  the 
liquid  crystal  layer  (see  Fig  7).  The  "dislocation"  density  increases 
with  time  as  each  VGM  device  deteriorates,  and  strongly  depends  on 
the  manner  in  w  hich  the  applied  bias  is  brought  from  below  to  above 
the  threshold  of  grating  formation  In  some  cases,  as  the  applied  bias 
across  an  electrically  activated  cell  is  increased  or  decreased,  the 
dislocations  propagate  past  each  other  while  the  grating  period 
decreases  or  increases,  respectively.  Dislocations  with  opposite  orien¬ 
tations  propagate  in  opposite  directions  until  a  new  stable  equilib¬ 
rium  situation  is  achieved  It  is  not  yet  clear  whether  these  disloca¬ 
tions  represent  truedisclinations.  for  which  the  liquid  crystal  director 
is  discontinuous  near  the  defect,  or  whether  they  are  in  fact  alterna¬ 
tive  local  continuous  solutions  to  the  free-energy  minimization,  per¬ 
haps  induced  by  an  as  yet  undiscovered  perturbation 

A  large  number  of  research  directions  have  been  described  in  the 
foregoing  paragraphs.  In  addition,  several  others  are  worthy  of  note 
First,  numerous  experimental  measurements  of  the  off-diagonal 
elements  in  the  Jones  matrix  describing  polarized  light  propagation 
through  the  VGM  cell  have  revealed  a  significant  asymmetry  not 
predicted  by  the  uniaxial  model.  The  origin  ot  this  "B  C"asy mmetry 
effect  has  not  yet  been  elucidated.  Second,  the  thickness  dependence  ot 
the  molecular  orientation  angles  a  and  rjhas  not  been  fully  established 
The  solution  proposed-'1  in  Eq,  (6)  assumes  full  surface  pinning  at  the 
substrate  boundaries,  and  represents  the  lowest  order  z-dependent 
mode  The  polarization-dependent  diffracted  order  measurements 
described  herein  do  not  provide  clear  differentiation  between  a  uni¬ 
form  z-dependence  and  the  lowest  order  mode  Third,  the  nature  of 
the  transient  solutions  to  the  free-energy  minimization  incorporating 
molecular  dynamic  and  viscosity  effects  has  not  been  treated  Solu¬ 
tion  of  this  problem  is  key  to  response  time  optimization  of  the  VGM 
liquid  crystal  device  Fourth,  it  is  not  yet  clear  whether  a  nematic 
liquid  crystal  mixture  can  be  found  that  exhibits  a  useful  VGM  effect 
under  ac  bias.  Such  a  mixture  may  provide  significant  immunity 
from  long-term  ion-poisoning  effects.  Finally,  it  should  be  empha¬ 
sized  that  the  variable  grating  mode  liquid  crystal  effect  provides 


only  one  possible  means  ot  achieving  parallel  intensiiy-to-position 
encoding  The  processing  potential  ol  the  inlensity-to-position  algo¬ 
rithm  should  provide  more  than  adequate  inducement  to  intensity 
the  search  for  alternative  implementations 
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The  principal  features  of  the  liquid-crystal  molecular  orientation  within  the  variable-grating-mode  liquid-crystal 
device  have  been  determined  as  a  function  of  the  applied  voltage  across  the  cell  by  measurement  of  the  polarization 
properties  of  light  diffracted  by  the  liquid-crystal  hirefringent  phase  grating. 


The  variable-grating-mode  (VGM)  liquid-crystal  de¬ 
vice  is  a  two-dimensional  spatial  light  modulator  that 
is  capable  of  implementing  an  intensity-to-spatial- 
frequency  conversion  over  an  input  image  field.1  In  this 
process,  the  intensity  variations  in  an  input  image  dis¬ 
tribution  are  converted  to  local  spatial-frequency 
variations  in  a  phase-grating  structure  within  the  liq¬ 
uid-crystal  layer.  As  a  direct  result  of  this  intensity- 
to-spatial-frequency  transduction,  programmable 
spatial  filtering  of  the  converted  image  results  in  se¬ 
lected  modifications  of  the  input  intensities.  By  uti¬ 
lizing  this  device  concept,  a  wide  variety  of  optical 
processing  and  computing  functions  have  been  dem¬ 
onstrated,  including  linearity  compensation  and  non¬ 
linear  function  implementation,  thresholding,  level 
slicing,  binary  logic  (AND,  OK.  NOR.  etc.),  full  binary 
addition,  and  matrix  addressing  operations.1  :l  The 
operation  of  this  photoactivated  device  was  described 
in  detail  previously.4 

An  important  area  of  research  on  the  VGM  liquid- 
crystal  device  is  concerned  with  a  fundamental  under 
standing  of  the  origin  of  the  variable-grating  effect,  in 
which  a  thin  layer  of  certain  nematic  liquid-crystal 
mixtures'  sandwiched  between  transparent  conductive 
coatings  (Fig.  1)  is  observed  to  exhibit  a  periodic  re 
fractive-index  anisotropy  when  a  dc  bias  voltage  above 
a  threshold  value  is  applied  between  the  electrodes. 
This  index  modulation  results  in  the  formation  of  a  hi 
relringent  phase  grating  characterized  by  a  fundamental 
spat  ini  frequency  that  depends  on  the  magnitude  of  the 
voltage  across  the  liquid-crystal  layer.  The  orientation 
of  the  grating  is  such  that  the  grating  wave  vector  is 
perpendicular  to  the  direction  of  unperturbed  align 
mem .  which  is  homogeneous  and  induced  by  ttnidirec- 
tionai  rubbing  or  ion-beam  milling. 

The  polarization  behavior  of  light  diffracted  trom  this 
hirefringent  phase  grating  is  quite  striking  For  all 
linear  input  polarization  angles,  the  even  and  odd  d it 
fraction  orders  are  found  to  he  essentially  linearly 

III  If.  ! S  |  n.Mlf,  |  o. !.«•.> 


polarized.  In  addition,  the  even  diffraction  orders  are 
linearly  polarized  parallel  to  the  domains  comprising 
the  VGM  grating,  as  shown  in  Fig.  2.  The  even-order 
intensities  vary  continuously  with  the  component  of 
incident  polarization  parallel  to  the  domains.  For  input 
polarization  perpendicular  to  the  domains,  the  even 
orders  are  found  to  be  almost  fully  extinguished.  On 
the  other  hand,  the  odd  diffraction  orders  are  linearly 
polarized  with  a  major  axis  that  rotates  counterclock¬ 
wise  with  essentially  constant  intensity  at  the  same  rate 
as  the  input  polarization  is  rotated  clockwise.  This 
effect  is  the  same  as  that  produced  by  a  half-wave  plate 
oriented  at  45°  to  the  grating  wave  vector.  For  input 
polarization  at  45°  to  the  wave  vector,  all  orders  are 
observed  in  the  fur-field  diffraction  pattern.  For  this 
situation,  an  analyzer  placed  on  the  output  side  of  the 
VGM  device  can  he  rotated  to  extinguish  the  even  or¬ 
ders  (when  oriented  parallel  to  the  grating  wave  vector) 


Fig.  1  VGM  liquid  crystal  test  geometry  showing  the  Gar 
tesi.in  coordinate  system  referred  to  in  the  text  as  well  a--  the 
molecular  orientation  angles  o  and  r\.  This  ronllguralion  was 
nt  ili/ed  in  1  he  polarized  light  diffraction  efficiency  and  pin. 
loinn  ri.snipy  experiments 


tin  i. 
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Fig.  2.  The  polarization  behavior  of  VGM  diffracted  orders. 
The  left-hand  column  indicates  the  input  polarization  asso¬ 
ciated  with  each  row  of  output  polarizations.  The  inset  shows 
the  direction  of  VGM-domain  orientation. 


or  the  odd  orders  (when  oriented  at  —45°  to  the  grating 
wave  vector).  Above  the  voltage  threshold  for  grating 
formation,  the  intensities  of  the  diffracted  orders  in¬ 
crease  dramatically  as  a  function  of  increasing  applied 
voltage  (increasing  spatial  frequency)  and  asymptoti¬ 
cally  saturate. 

Observations  of  the  VGM  structure  in  the  polarizing 
microscope  provide  correlating  evidence  for  the  dif¬ 
fraction  phenomena  described  above.  For  input  po¬ 
larization  perpendicular  to  the  grating  wave  vector,  the 
periodic  modulation  is  observed  through  a  parallel  an¬ 
alyzer  to  have  a  principal  grating  period  p,  which  cor¬ 
responds  to  the  measured  diffraction  angles  of  the  even 
orders.  For  input  polarization  parallel  to  the  grating 
wave  vector,  the  periodic  modulation  is  observed 
through  a  perpendicular  analyzer  to  have  a  period  2p, 
which  corresponds  to  the  measured  diffraction  angles 
of  all  orders.  Other  input  polarization  orientations 
produce  apparent  superposition  of  the  p  and  2p  grat¬ 
ings,  in  agreement  with  the  diffraction  experiment  re¬ 
sults.  These  experiments  are  performed  with  the  focus 
set  at  the  upper  surface  of  the  liquid-crystal  layer.  The 
grating  contrast  can  be  altered,  and  in  some  cases  re¬ 
versed,  by  adjusting  the  focal  plane  to  lie  within  or  below 
the  liquid-crystal  layer. 

In  the  thin-grating  approximation,  the  polarization 
properties  of  light  diffracted  by  the  liquid-crystal  bi- 
refringent  phase  grating  can  be  summarized  by  means 
of  a  transfer  matrix  that  connects  the  output  polariza¬ 
tion  at  the  rear  surface  of  the  liquid-crystal  layer  with 
the  input  polarization  at  the  front  surface  of  the  liq¬ 
uid-crystal  layer.  On  the  basis  of  the  experimental 
observations,  this  matrix  must  be  of  the  form 


A0  +  A(x;p)  fl(x;2p> 

C(x;  2 p)  On  +  DU:  p) 


in  which  the  notation  A(.r;  p)  indicates  that  the  complex 
amplitude  A  varies  in  the  x  direction  with  periodic 
repetition  distance  p.  Fourier  expansion  of  the  transfer 
matrix  yields  the  complex  amplitudes  An.  Bn,  and 
Dn.  which  completely  specify  the  cont  ributions  of  each 
component  of  the  input  polarization  to  the  observed 
polarization  of  the  nth  diffracted  order: 


A 

R 

An 

Bn 

C 

n 

=  V  exp(/27rxn/A ) 

n  -  -  ® 

Cn 

Dn 

Max  1984  Yol  <).  \o  r,  OPTICS  I. K'lTKKS 


where  A  =  2p  is  the  fundamental  (lowest -order)  grating 
wavelength. 

The  polarization  transfer  matrix  can  be  calculated  by 
considering  the  uniaxial  liquid-crystal  molecules  at  a 
given  spatial  coordinate  x  to  be  characterized  by  a  twist 
angle  or  in  the  plane  of  the  grating,  followed  by  a  tilt 
angle  t)  out  of  the  plane  of  the  grating.  The  -Jones  ma¬ 
trix'’  for  this  case  can  be  determined  by  appropriate 
rotations  of  the  index  ellipsoid,  which  yield 


1  —  sin-  <t(  1  —  e-'-'1)  sin  a  cos  o(  1  —  ft* i 
sin  a  cos  at  1  —  1  —  cos-  ol  1  —  c ) 

where 


0 


2t  t 
\ 


cos  -  m_|  - 
n,.-  , 


i.'ii 


in  which  t  is  the  liquid-crystal  layer  thickness.  n„  is  the 
ordinary  refractive  index,  n,  is  the  extraordinary  re¬ 
fractive  index,  and  \  is  the  wavelength  of  the  readout 
illumination  employed.  A  uniform  phase  factor  in  ex¬ 
pression  (a)  has  been  suppressed.  The  angles  u  and  r/ 
are  assumed  to  be  periodic  functions  of  x  and  inde¬ 
pendent  of  y  and  z:  since  the  index  ellipsoid  will  in 
general  have  its  principal  axes  skewed  relative  to  the 
original  coordinate  system,  the  polarization  transfer 
matrix  is  not  diagonal. 

Measurement  of  the  intensities  in  each  diffraction 
order  for  a  minimum  set  of  polarizer-analyzer  orien¬ 
tations  uniquely  determine  the  values  ot  |  .4,,  |  -.  |  H„  \ 

|  -,  and  | L)n  |-.  These  experimental^  derived  values 
can  then  be  compared  with  the  theoretically  calculated 
coefficients  of  expression  (III  [utilizing  the  harmonic 
expansion  of  Eq.  (2)]  for  different  possible  assumptions 
concerning  the  spatial  distribution  of  the  orientation 
angles  o  and  1 7.  Simple  harmonic  variation  of  the  out  - 
of-plane  angle  t;  produces  a  simple  phase  grating  that 
yields  the  polarization  behavior  of  the  even  diffracted 
orders,  while  similar  variation  of  t  he  in-plane  angle  - 1 
produces  a  birefringent  phase  grating  that  yields  the 
polarization  behavior  of  the  odd  diffracted  orders.  This 


Fig.  :(.  Measured  diffracted-nrder  intensities  for  a  set  n| 
polarizer  analyzer  orientations  as  a  function  of  theoretic  a] 
intensities  calculated  from  the  uniaxial  \  <  IM  model  dos<  ribeu 
in  the  text. 
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Fig.  4.  The  out-of-plane  molecular  orientation  angle.  i}n)ax, 
as  a  function  of  the  applied  dc  bias  voltage  across  the  cell. 
V. 


Fig.  5.  The  in-plane  molecular  orientation  angle.  omax.  as 
a  function  of  the  applied  dc  bias  voltage  across  the  cell.  V. 

spatial  dependence  can  he  represented  by 

2tr. x  .  2  XX 

“  -  “max  cos  —  •  t)  =  ±(Jmax  sin  —  •  (4) 

The  spatial  distribution  in  the  v  direction  of  the  ends 
of  the  liquid-crystal  molecules  at  a  given  z  coordinate 
as  described  by  Eqs.  (41  is  cycloidal  in  nature. 

An  example  of  such  a  comparison  between  theory  and 
experiment  for  all  five  measurable  diffracted  orders  is 
shown  in  Fig.  2.  In  this  experiment,  the  VC>M  liquid 
crystal  utilized  was  a  phenyl  benzoate  mixture  I  Hughes 
2N401 1,  the  cell  thickness  was  8.0  pm.  and  the  applied 
voltage  was  152  V  dc.  To  obtain  the  data  shown  in  this 
figure.  omax  and  t?max  have  been  utilized  as  the  only 
adjustable  parameters.  The  assumed  simple  harmonic 
spatial  dependence  of  the  angles  u  and  r)  is  justified  by 
the  quality  of  fit  evident  in  Fig.  2.  In  addition,  such  a 


dependence  of  the  angles  o  and  r?  on  the  spatial  coor¬ 
dinate  x  has  been  predicted  by  direct  minimization  o! 
the  free  energy  in  a  similar  nematic  liquid-crystal 
system.1’ 

The  fitting  procedure  described  above  permits  the 
extraction  of  the  maximum  orientational  excursion 
angles  <<max(  l't  and  //max(  l'(  as  functions  of  the  applied 
bias  voltage  above  the  threshold  for  grating  formation, 
as  shown  in  Fig.  4  [t?nlax(  V')J  and  in  Fig.  5  |umaxi  Vl|.  In 
each  case,  it  is  observed  that  the  maximum  excursion 
angles  both  in  and  out  of  the  plane  of  the  grating  seem 
to  increase  as  the  logarithm  of  the  applied  voltage.  It 
should  be  noted  that  the  assumption  of  pinned 
boundary  conditions  with  a  resultant  sinusoidal  c  de¬ 
pendence"  results  in  an  equivalently  good  fit.  with  al¬ 
tered  values  of  the  peak  orientational  angles  in  the  laver 
center.  Within  experimental  error,  the  fitting  tech¬ 
nique  described  above  cannot  be  used  to  discriminate 
among  possible  z-axis  variations. 

Careful  experimental  measurements  of  the  off-di¬ 
agonal  elements  in  the  Jones  matrix  describing  polar¬ 
ized  light  propagation  through  the  YGM  cell  have  re¬ 
vealed  a  statistically  significant  asymmetry  not  pre¬ 
dicted  by  the  uniaxial  model.  The  origin  of  this  "H  <  " 
asymmetry  effect  is  under  continuing  investigation. 

In  conclusion,  we  have  utilized  the  polarization 
properties  of  the  diffracted  orders  from  a  liquid-crystal 
birefringent  phase  grating  to  describe  the  principal 
features  of  the  spatial  distribution  of  the  molecular 
orientation  within  the  liquid-crystal  layer. 
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Abstract.  Intensity-to-spatial  freguency  transformations  can  be  ex¬ 
ploited  for  a  variety  of  useful  optical  information  processing  operations. 
Resolution  elements  of  an  image  are  encoded  with  a  grating  structure 
whose  spatial  frequency  and/or  orientation  is  a  function  of  the  local 
image  intensity.  Assuming  that  certain  sampling  requirements  are  met. 
each  intensity  level  is  assigned  to  a  different  point  in  Fourier  space. 
Various  schemes  of  spatial  filtering  can  then  be  used  to  alter  the  relative 
intensity  levels.  The  procedure  can  be  used  for  nonlinear  analog  point 
transformations  and  for  numerical  processing  using  binary  or  residue 
arithmetic.  Theta  modulation  and  frequency  modulation  are  special 
cases  of  the  technique.  Off-line  methods  for  implementing  intensity-to- 
spatial  frequency  transformations  include  halftoning  and  grating  tech- 
niques;  real-time  methods  include  new  electro-optical  systems  such  as 
the  variable-grating-mode  (VGM)  liquid  crystal  devices.  Details  of  these 
devices  and  experimental  results  are  presented. 


1.  INTRODUCTION 

In  recent  years,  there  has  been  great  interest  in  expanding  the  range 
of  operations  that  can  be  performed  by  optical  information  pro¬ 
cessing  systems.  Linear  operations  such  as  correlation,  convolu¬ 
tion,  and  Fourier  spatial  filtering  can  be  performed  easily  because 
of  the  inherent  linear  nature  of  the  system.1  Three  major  classes  of 
techniques  for  nonlinear  processing  involving  both  analog  and 
discrete-level  signals  have  been  studied,  and  various  electro-optical 
input  devices  have  been  developed  that  allow  real-time 
operation  ;  '  The  first  class  of  techniques  utilizes  special  halftone 
screens  and  an  optical  threshold  device  to  convert  continuous  op¬ 
tical  signals  into  sampled  pulse-width  modulated  signals.  Selective 
spatial  filtering  of  the  pulse-width  modulated  signal  produces  a 
variety  of  point  nonlinear  mappings.  The  second  class  of  tech¬ 
niques  uses  real-time  input  devices  having  an  inherent  nonlinear 
input-output  characteristic  function.  The  choice  of  operating  point 
on  the  device  may  provide  the  desired  nonlinearity,  or  the  device 
may  be  combined  in  a  system  with  threshold  devices. 

In  this  paper,  we  concentrate  on  the  third  class  of  nonlinear  pro¬ 
cessing  techniques.  These  techniques  use  intensity-to-spatial  fre¬ 
quency  transformations  in  a  general  sense  to  achieve  both  analog 
and  numerical  processing.  Devices  for  real-time  implementation 
such  as  the  variable-grating  mode  (VGM)  liquid  crystal  light  valve 
are  described. 

2.  PROCESSING  TECHNIQUES 

The  basic  idea  of  intensity-to-spatial  frequency  conversion  is  to  en¬ 
code  resolution  elements  or  regions  of  an  image  with  a  grating 
modulation  in  which  the  spatial  frequency  and/or  orientation  of 
the  grating  is  a  function  of  the  local  image  intensity.  Assuming  that 

fhis  mjnusiTipi  c>  siihmiMcd  wnh  the  uinlcrsMndinn  fhai  ’he  t  S  <n»vernmcnt  iv 
authorized  to  reproduce  and  distribute  reprints  lor  pmcrnmcnr.il  purposes 


certain  sampling  requirements  are  met,  each  intensity  level  in  the  in 
put  is  assigned  to  different  points  in  the  Fourier  domain:  all  points 
with  the  same  intensity  in  the  image  are  assigned  to  the  same  point 
in  Fourier  space  (assuming  space-invariant  operation  is  desired).  \ 
purely  absorbing  spatial  filter  placed  in  the  Fourier  plane  can  then 
alter  the  relative  intensity  levels  in  an  arbitrary  way. 

Figure  1  illustrates  the  basic  principle  by  an  optical  level-slice  ex¬ 
ample.  The  quantity  S  in  Fig.  I  is  used  as  a  generalized  spatial  fre¬ 
quency  coordinate.  A  device  is  used  to  convert  the  local  input  in 
tensity  1)N  to  spatial  frequency  S  in  Fig.  1(a).  Figure  1(b)  shows  a 
Fourier  plane  filter  that  selectively  alters  different  components  a 
function  of  S.  Figure  1(c)  shows  the  overall  l,N  versus  |li(  , 
characteristic  found  by  graphically  tracing  through  the  two 
characteristics  of  Fig.  1(a)  and  Kb). 

Figure  2  shows  several  examples  of  intensity  -to-spanal  trcquciw \ 
mappings.  In  the  most  general  case  of  intensity-to-spatial  Ircqucncv 
conversion,  liN  is  mapped  to  an  arbitrary  curve  S  m  the  frequency 
plane,  as  shown  in  Fig.  2(a).  Locations  along  this  curve  can  he 
specified  in  polar  coordinates  as  ( q,H).  A  special  case,  shown  in  I  ig. 
2(b),  is  called  llieta  (W)  modulation.  In  «  modulation  S  varies  alone 
an  arc  of  constant  radius  t>.  Figure  2(c)  shows  the  special  case  ot 
frequence  modulation,  corresponding  to  paths  along  a  line  at  cons 
tant  angle  ». 

Intensity-to-spatial  frequency  conversion  systems  may  be  easily 
programmed  to  change  the  functional  nonlinearity  by  placing  dif¬ 
ferent  spatial  frequency  filters  in  the  Fourier  plane.  This  program¬ 
mability  is  an  important  advantage  of  such  systems 

3.  SAMPLING  CONSIDERATIONS 

In  all  the  intensity-to-spatial  frequency  transformations  shown  m 
Fig.  2,  there  is  a  fundamental  relationship  between  the  number  ol 
intensitv  levels  to  be  distinguihed,  the  spatial-lreqiiencv  bandwidth 
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Fig.  1.  Intensity-to-spatial  frequency  conversion  for  nonlinear  pro¬ 
cessing.  (a)  A  device  is  used  to  convert  input  intensity  into  a  varying 
spatial  frequency  S.  (b)  A  Fourier  plane  filter  selectively  attenuates 
the  spatial  frequency  component  S.  (c)  The  louT  vs.  Iin 
characteristic  of  the  overall  filtering  system  can  be  found 
graphically  by  tracing  through  the  two  characteristics  of  (a)  and  (b). 


Fig.  2.  Intensity-to-spatial  frequency  modulation:  (a)  general  case, 
(b)  theta  modulation,  (c)  frequency  modulation. 


of  the  input  function  I|N,  and  the  spatial  frequency  required  for  the 
modulated  grating.  A  grating  with  a  given  fundamental  frequency 
(g,0)  in  polar  coordinates,  corresponding  to  a  specific  input  inten¬ 
sity,  produces  a  diffraction  order  at  (g,0)  surrounded  by  a  spectral 
island  whose  dimension  is  roughly  equal  to  the  bandwidth  B  of  the 
input.  If  N  distinct  intensity  levels  are  to  be  uniquely  processed  by 
the  system,  the  curve  S  must  be  chosen  so  that  N  object  spectra  can 
be  placed  along  it  without  overlap,  as  shown  in  Fig.  2.  With  $ 
modulation  and  the  modulated  input  assumed  a  real  function,  g  is 
a  constant  (gj,  and  the  curve  S  is  restricted  to  an  arc  of  t  radians 
because  of  conjugate  symmetry  of  the  transform.  If  the  number  of 
intensity  levels  N  is  large,  we  can  assume  that  the  angular  width  60 
of  the  object  spectrum  is 

bd  =  B/g0  .  (1) 

If  N  distinct  levels  are  needed,  then  we  must  satisfy  the  condition 
NB 

N<50  =  —  <  t  (2) 

Co 

or 


For  frequency  modulation,  the  useful  modulation  range  is 
limited  because  the  grating  generally  produces  multiple  diffraction 
orders.  If  the  lowest  fundamental  grating  frequency  is  g0  and  its 
first  significant  harmonic  is  g,,  the  usable  frequency  modulation 
range  Ag  is 

d)c=C|-Co-  <*») 

If  we  assume  there  are  no  missing  orders  in  the  grating  spectrum, 
then 

Ci  =  2g0  (5) 


and  we  have 

-ig  =  g0  .  (6) 

The  input  spectrum  has  width  B;  to  place  N  of  them  in  the  Fourier 
domain  without  overlap  we  must  have 

NB  <  Ag  =  gH  O 


or 

g0  >  NB  .  (S) 

Because  the  bandwidth  B  is  equal  to  twice  the  highest  spatial  fre¬ 
quency  in  the  input,  Eqs.  (3)  and  (8)  provide  the  relationship  be¬ 
tween  Ihe  required  sampling  frequency  g()  and  the  highest  inpul 
spatial  frequency.  If  N  is  large,  the  very  high  spatial  frequency 
gratings  required  may  be  the  limiting  factor.  Fortunately,  the  op¬ 
tical  system  does  not  need  to  image  these  gratings  because  only  the 
modulation  of  the  grating  is  important.  The  second  part  of  the 
system  is  a  spatial  filtering  of  the  spectrum  in  the  neighborhood  of 
a  single  fundamental  diffraction  order.  It  is  this  limited  spectrum 
that  determines  ihe  required  bandwidth,  or  resolution,  of  the  op¬ 
tical  system. 

4.  IMPLEMENTATION 

Of  the  intensity-to-spatial  frequency  conversion  techniques  de¬ 
scribed,  0  modulation  was  the  first  to  be  discussed  and 
demonstrated,4''  The  actual  implementation  of  the  spatial  frequen 
cv  encoding  in  both  0  modulation  and  frequency  modulation  st ,  1 1 
must  be  considered.  One  solution  to  ihe  0  modulation  problem  is  to 
use  special  halftone  screens. *  The  screen  profile  combined  with  a 
thresholding  copy  step  produces  halftone  dots  whose  edges  are 
oriented  as  a  function  of  the  original  input  intensity, 

I  ,ie  a  modulation  method  is  particularly  well  suited  to  processing 
with  white  light  because  I1-  m-clra  at  various  orientations  are  mote 
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epuiatcd  ilun  ilnhc  m  a  pure  I  requeues  modulation  scheme, 
lodebetouw  used  halftone  "  modulauon  techniques  to  achieve 
pseudocolormg  of  a  monochroniatic  image.  A  Ronchi  ruling  (one- 
Jimcnsional  constant  period  grating)  of  Ion  contrast  is  used  in  con- 
mo  null  die  continuous  lone  input  10  sequentially  espose  a  high 
^onltasi  Him.  l  or  each  exposure  there  is  a  different  angular  orien- 
■  .11  ion  ot  die  Ronchi  ruling  and  a  different  exposure  lime.  Assume 
lor  die  moment  an  intermediate  exposure  time.  For  low  transmit- 
ance  areas  ot  die  input,  the  light  passing  through  the  sandwich  of 
input  transparence  and  Ronchi  ruling  will  be  too  weak  io  expose 
die  inch  contrast  lilm.  I  or  high  transmittance  areas  of  the  input, 
on  die  other  hand,  light  passing  through  the  sandwich  will  com¬ 
pleted  expose  the  film.  For  a  certain  narrow  range  of  input 
transmit  lances  (determined  by  the  Ronchi  ruling  contrast),  the  light 
passing  through  the  sandwich  impresses  a  local  modulated  grating 
structure  on  the  high  contrast  film.  By  changing  the  exposure  time 
and  totaling  the  screen  between  exposures,  different  level-sliced 
versions  ot  die  input  are  encoded  as  directional  information  on  the 
Inch  contrast  film.  The  resultant  transparency  is  then  placed  in  a 
spatially  coherent  optical  spatial  filtering  system  and  illuminated 
wnh  collimated  light  from  a  white  light  point  source.  In  the  spatial 
frequency  plane,  level  slice  information  recorded  for  different 
ranges  ot  input  image  intensity  values  appears  as  lines  of  diffrac¬ 
tion  -pots  oriented  at  different  angles.  This  pattern  of  spots  can  be 
modilied  by  an  angular  array  of  color  filters.  After  inverse 
'raiisiorming,  the  desampled  continuous-space  image  has  various 
colors  associated  with  different  bands  of  gray  levels.  The 
pseudocolored  image  resulting  from  this  method  can  be  formed, 
cither  in  parallel  as  described,  or  as  a  sequence  of  reconstructions 
from  a  set  ot  spectrally  narrowband  light  sources. 

Lee  has  recently  described  a  system  that  can  achieve  the  general 
modulation  of  Fig.  2(a)  or  the  special  cases  of  8  or  frequency- 
modulation  1  A  scanning  interferometric  system  is  used  to  encode 
each  spatial  resolution  element  of  an  image  as  a  small  grating  seg¬ 
ment  whose  frequency  and  orientation  can  be  changed  with  input 
intensity  levels.  The  system  does  not  currently  operate  at  television 
rates  (30  frames  per  second  or  faster)  but  can  utilize  the  two- 
dimensional  nature  of  the  Fourier  plane  better  than  either  the  8  or 
frequency  modulation  techniques, 

5.  VARIABLE-GRATING  MODE  (VGM)  DEVICES 

Fast  implementation  of  intensity-to-spalial  frequency  transforma¬ 
tions  by  frequency  modulation  has  recently  become  possible  with 
the  development  of  variable-grating  mode  (VGM)  liquid  crystal 
(1.0  electro-optical  devices. S  il)  The  VGM  device  is  shown 
schematically  in  Fig.  3.  It  consists  of  a  thin  (thickness  <  12  nm) 
nematic  LC  layer  sandwiched  with  a  photoconductor  between  two 
transparent  ITO  (indium  tin  oxide)  electrodes.  If  a  dc  voltage  is  ap¬ 
plied  across  the  liquid  crystal  cell,  a  periodic  phase  grating  structure 
is  produced  in  the  LC  material.  As  the  voltage  is  varied,  the  period 
of  the  grating  changes  as  shown  in  Fig.  4.  The  fundamental  VGM 
spatial  frequency  is  a  roughly  linear  function  of  applied  v  oltage  for 
several  different  LC  mixtures.  Typically  the  spatial  frequency 
varies  from  200  to  600  line  pairs  mm.  Figure  5  shows  the  LC 
material  in  a  cell  as  viewed  through  a  polarizing  microscope. 

The  voltage  across  the  I  C  cell  can  be  locally  controlled  by  pro- 
lecting  an  input  image  on  the  VGM  device  at  a  wavelength  at  which 
the  photoconductor  is  sensitive  Thus  the  VGM  device  serves  as  an 
i n tensit y -lo-spat lal  frequency  converter.  The  photoconducting 
laver  of  the  cell  is  designed  to  accept  most  ot  the  bias  voltage  with 
no  illumination;  that  portion  of  the  voltage  falling  across  the  1C  is 
below  the  activation  threshold  of  t fie  VGM  effect  \k  hen  light  falls 
on  the  photoconductor,  its  impedance  drops,  therebv  switching  the 
voltage  from  the  photoconductor  onto  the  LC  material  and  ac¬ 
tivating  ihe  VGM  effect  The  high  lateral  impedance  of  the  thin 
film  layers  allows  verv  little  spreading  of  the  photo-induced  con¬ 
ductivity  pattern  or  of  the  associated  LC  electro-optic  effect.  As  a 
result,  the  light  activation  has  inherentlv  high  resolution,  and  the 
device  accepts  photographic  quality  images  Several  VGM  devices 


Fig.  3.  Schematic  diagram  ol  the  VGM  device  construction.  Cur 
rent  devices  are  read  out  in  transmission  at  a  wavelength  at  which 
the  photoconductor  is  insensitive.  ITO  (indium  tin  oxide)  is  a 
transparent  conducting  electrode  material. 


Fig.  4.  VGM  spatial  frequency  as  a  function  of  applied  voltage 


have  been  lubricated  by  Hughes  Research  I  aboratoncs.  and  exten 
sive  modeling  and  experimental  work  is  underway  to  physically 
characterize  the  VGM  mechanism.  Typical  devices  have  a  /nS 
photoconductor.  C  onstruction  details  of  the  VGM  device  and  a 
discussion  ot  I  (  physics  are  given  in  several  references  "  11 

6.  VGM  IMPLEMENTATION  OE  A  LEVEL-SLICE 

\n  experimental  implementation  of  a  level  slice  function  using  a 
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|  Fig.  6.  Experimental  setup  used  to  perform  the  level  slice  ex¬ 
periments.  The  spatial  filter  is  a  variable  annular  aperture. 

i  \  c  A!  dev  ice  has  been  performed.  The  experimental  arrangement  is 
shown  m  F  ie.  6.  A  continuous  tone  input  picture  is  illuminated  by 
an  arc  lamp  source  and  imaged  onto  the  photoconductor  surface  of 
a  VGM  device  that  initially  exhibits  a  uniform  phase  crating  struc- 
|  'ure  due  to  a  de  bias  soilage.  The  crating  period  is  locally 
modulated  by  the  input  picture  intensity,  and  this  modulation  is 
mapped  into  a  position  along  a  line  in  the  spatial  filter  plane.  A  red 
tiller  ensures  that  only  the  readout  laser  beam  enters  the  coherent 
I  optical  processor.  Sectors  of  small  circular  annuli  of  varying  radii 
*  are  used  to  pass  certain  spatial  frequency  bands.  This  allows  only 
prescribed  input  intensity  ranges  to  appear  in  the  output  Circular 
rather  than  straight  slits  are  used  to  capture  the  weak  light  which 
I  in  small  part  is  diffracted  into  circular  arcs  because  of  the  grating 
"  imperfections  (see  Fig.  4).  Figure  7  shows  both  the  input  and  level- 
sliced  output  pictures.  Figure  7(al  shows  a  positive  print  of  the 

I  original  image  through  the  system  as  it  appears  on  the  imaging 
screen.  A  negative  of  'he  original  was  used  in  the  experiments. 
Figure  7(b)  shows  a  low  intensity  level  slice  corresponding  to  a 
VGM  spatial  frequency  of  100  line  pairs  mm  with  approximately 

I)  j®o  fractional  bandwidth.  Here  fractional  bandwidth  is  defined  as 
the  slit  width  in  the  Fourier  plane  divided  by  distance  between  first 
and  second  diffraction  orders.  Figures  7(c)  through  7(f)  arc  a  se¬ 
quence  of  level  slice  outputs  at  successively  higher  input  intensity 
,  levels.  The  Fourier  plane  slit  having  the  same  1 5<ro  fractional  band 


width  is  moved  closer  to  the  second  diffraction  order  to  ->t”am  ::  - 
sequence.  Figure  7(0  shows  a  level  slice  result  very  close  : tie  -c. 
ond  diffraction  order  at  200  line  pairs  mm.  Some  ot  the  nowg 
ible  in  Fig.  '(b)  and  '(c)  is  due  to  surface  tmperkx non- 
VGM  device.  Also,  interference  fringes  visible  in  I  :g  'id,  at.j  *.. 
are  due  to  reflections  in  the  external  apparatus. 

7.  V<,M  IMPl.KMKM ATION  O*  OPIUM  101,11 

1;  is  possible  to  toe  the  \GM  device  to  implement  loc.w  t-"  m 
I  lie  kev  lo  such  operation  lies  in  noting  that  a  men  .  -a 

represented  as  a  simple  binary  iionlineai ;'v  ‘  the  a  , 

characteristics  ot  tout  basic  logic  I  unctions  ate  'how  i-  :  I  : s  |  1  , 
input  in  these  figures  is  assumed  to  be  t he  simple  a- lime' n 
the  two  input  logic  levels.  IhusNOI  is  simply  a  :u:d  s.:pp  i  . 
verier.  AM)  and  t )R  aie  nonlinear  threshold  lunc'ioiis.  u  >K 
Is  a  level  slice  lutlstion.  t  liese  tunctn'iis  s.i:  be  icah.cU  i'v  „c:- 
Hindu  la  tor-  or  by  optical  processing  -v  stems  r  h.i  ’  can  gisliiu  • -c 
nonlinearities.  and  can  be  used  loi  implementing  .ombm.i' 
logic  Furthermore,  it  the  system  allows  lecdb.uk  to  be  'cadils  ■ 
itoduccd.  sequential  or  latching  logic  can  also  be  intpletneti'ed 
File  VGM  device  o  well  suited  to  implementing  Aie'C  non 
linearities.  With  the  V(,\|  approach.  lU'ttlineaiitics  ate  ohiait.ed 
iisiiig  a  I  outlet  plane  niter  whose  iransmitiauce  variation  t  me 
dimension  s  esseniiallv  a  plot  ot  'he  desired  nonlmeatrv  I  Ini'  at 
hnrarv  nonlmeariues  ate  easily  p-  Juced  and  changed  I  or  logic 
operations  the  situation  is  quite  straighttorward.  Since  the 
nunhnea:  1 1  ics  associated  with  log.c  operations  are  binai  y  tutu  non  s. 
flics  can  he  implemented  with  simple  s|n  apertures,  i.c..  0  ot  1 
Hansmiitancc  values.  \  Icatuic  ot  the  VGM  technique  that  makes 
it  cspcctallv  well  anted  tor  logic  proeessing  is  that  the  input  and 
output  aie  phystcallv  separate  beams  F  he  input  beam  modulates  a 
photocondueti'r;  concutrentlv ,  the  image  is  read  out  with  a  second 
heam  Ihis  scpaiaiion  ot  input  and  oiitpitl  ptovidcs  loi  the 
possibility  ot  test  or  t  ng  the  output  lev  cb  to  the  ('  and  1  v  allies  cv  on  it 
flic  input  levels  are  not  cxactlv  correct.  F  Ins  icatuic  ts  essential  to 
t he  pr  Auction  ot  a  reliable  logic  system  that  is  immune  to  noise 
and  systematic  ettots  in  the  levels.  1  lectromc  logic  element'  posses- 
'iicli  level  testotme  capalulity.  but  other  currcnll'  proposed  opiu.il 
logic  schemes  lack  ilus  essential  chatactetisnc 

[wo  Curt  hot  aspects , '!  loetc  operations  make  them  adv  atttai'e, -to 
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Fig.  7.  VGM  level  slice  results. 
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Fig  8  Logic  functions  as  simple  nonlinearities.  Given  an  input 
consisting  of  the  sum  ot  two  binary  inputs,  dilferent  logical  opera¬ 
tions  can  be  eff®cted  on  those  inputs  by  means  of  the  depicted 
nonlinear  characteristics:  (a)  NOT.  (b)  AND.  (c)  OR.  and  (d)  XOR. 

1  "  'pi kill  implementation  purpose--:  1.0  logic  operation  input 
e- els  .ire  discrete,  and  (h)  only  a  small  numher  (2  4)  ot 
distinguishable  levels  are  required.  The  existence  of  discrete  input 
level'  implies  that  the  nonlinerities  need  not  have  the  exact  forms 
shown  in  tie  x.  In  particular  the  transition  regions  need  not  he 
pertectlv  slurp  thresholds,  since  the  input  values  are  presumed  not 
-cciir  within  the  transition  regions  m  any  event  The  fact  that 
mlv  a  tew  levels  need  be  distinguished  implies  that  the  gray -level 
resolution  requirements  for  the  system  -ire  minimal 

The  operations  discussed  above  arc  the  basic  combinatorial  logic 
functions.  However,  sequential  logic  may  also  be  implemented  with 
appropriate  feedback,  i.e.,  imaging  the  output  plane  onto  the  input 
plane  (which  can  be  accomplished  with  incoherent  illumination). 
However,  with  the  present  VCiM  transmission  devices  there  is  a 
problem  of  separating  the  read  and  write  functions  in  a  feedback 
svstem  since  their  wavelengths  must  be  identical  and  current  devices 
work  in  transmission. 
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Fig  9  Experimental  arrangement  for  performing  logical  opera 
tions  on  two  dimensional  binary  inputs  with  a  VGM  device.  Input 
image  arrays  A  and  B  are  superimposed  on  the  photoconductor 
The  device  is  read  out  in  transmission  at  a  wavelength  ditterent 
irom  the  input  Simple  slit  apertures  are  used  to  achieve  the  desired 
logic  (unctions 

\  series  ot  experiments  was  conducted  to  demonstrate  the  tut- 
damental  logic  functions.  The  experimental  setup  ot  lie.  9  w.is 
used  The  total  illumination  intensity  on  the  photoconductor  ot  the 
VCiM  device  was  the  sum  of  the  two  input  intensities  and  a  bias  in¬ 
tensity.  [lie  input  illumination  was  provided  by  a  filtered  high, 
pressure  mercurv  arc  lamp,  the  bias  illumination  In  a  collimated 
tungsten  bulb  source.  The  VGM  device  was  read  out  in  T.irismis. 
sion  using  a  HeNe  laser.  filter  was  placed  m  the  Fourier  plane  to 
select  the  desired  diffraction  orders  for  each  logic  function 

I  or  these  experiments,  the  inputs  consisted  of  one  vortual  roc 
tangular  aperture  and  one  horizontal  aperture.  When  these  were 
superimposed  along  with  the  bias,  a  square  image  was  tot  tried  with 
the  four  quadrants  having  the  intensity  levels  shown  m  I  ig  It).  I  Ins 
image  corresponds  to  the  logic  truth  tabic  shown  Thus  the  output 
images  have  intensity  levels  determined  by  the  truth  table  associated 
with  the  desired  logic  function  The  logic  functions  WIT,  OR. 
XOR,  and  their  complements  were  implemented  equentuillv  as 
shown  in  Tig.  10  by  altering  only  the  Fourier  plane  filler,  Imperlec 
lions  visible  m  the  output  plane  data  arise  from  detects  in  the  cell 
structure  of  the  VCiM  device  employed  in  these  experiments  In 
vestigations  on  VGM  device  improvements,  limitations,  processing 
speed,  and  pixel  umformitv  are  in  progress. 

Hy  adding  feedback  to  optical  combinatorial  logic,  ntemorx 
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Fig  10  VGM  logic  results  The  right  hand  column  indicates  ideal 
output  levels  tor  an  image  consisting  ot  tour  quadrants 
corresponding  to  truth  table  values.  The  left-hand  column  shows 
the  corresponding  experimental  results  The  first  row  shows  the  in¬ 
put  tor  all  experiments,  consisting  of  a  superposition  of  two  binary 
images.  Succeeding  rows  show  results  tor  the  logic  operations  OR. 
NOR.  AND.  NANO,  XOH.  and  NXOR.  respectively 


elements  such  .0  latches  i>r  llip  Mops  .an  Kc  .mpu-mctPed  < 
types  "I  numetkai  ptiK.es -.mi:  uch  as  residue  anthn.etk  h.t  ed 
ss stents  can  also  he  implemented  with  m tensity  m  p.ii  a!  "--.ml-:,.  . 
conversion  and  VtAl  devices. 

8.  OTHKK  APPI  K  A  IIONS  OF  \(,M  l)»M(  I  s 

Variable  cranny  cells  Have  a  numhet  ot  other  po--;h!e  p  : 
in  both  electrically  activated  and  piiokkondik'-''  .1.' 
systems  I  -lectrically  controllable  vanahle  eranne-  .  .  a  "  .  . 

tor  modulation  iranster  tundion  <  M  1 1  t 'c't .  ;r.  •  .ptka.  .  • 
beam  deflectors.  or  as  optical  spatial  demodulator-  :  tele:-.:...- 
masks  tor  correlators.  By  introducing  a  mmuiutoii!.  .ed  ic.r  :a- 
a  spatially  variable  electrical!;,  activated  cranny  -tut:  a  a 
function  conlJ  be  totined.  I'liotoconductor  asti’-a'c-d  j:.p 
could  also  serve  as  programmable  spatially  -.at.abie  tetetv:..  r 
gratings. 

9.  COM  I  l  SIONS 

We  have  described  several  general  techniques  tor  iiitcti'itv  •  v- 
spatial  frequency  transformations  and  an  electro-optical  variable- 
grating-mode  tVGMl  transducer  capable  of  real-time  impiemeiita- 
non.  We  have  shown  theoretically  and  experimentally  that  the 
device  can  be  used  for  implementing  arbitrary  nonlincantics  >n 
continuous  tone  images  and  can  be  used  for  combinatorial  iocs, 
operations  on  binary  data  arrays.  An  advantage  of  the  \  CAI  ar 
proach  is  that  it  may  easily  be  programmed  by  loss  tc'Otu'.ior, 
tical  spatial  filtering.  Oilier  applications  tor  tnten'thy-ti'-'patiai  ::-c 
quency  conversion  have  been  described. 
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